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PREFACE

This report is the third and final one of the series on 
water-loss investigations conducted jointly by several 
Federal agencies during the years 1950-53. Previous 
reports are water-loss investigations: Lake Hefner 
studies, technical report (Geological Survey Pro 
fessional Paper 269 and also Navy Electronics Labora 
tory Report 327, San Diego 52, Calif.) and water-loss 
investigations: Lake Hefner studies, base data report 
(Geological Survey Professional Paper 270 and also 
Navy Electronics Laboratory Report 328, San Diego 
52, Calif.).

The report, which describes the investigation of 
evaporation from Lake Mead, was assembled for publi 
cation in the Water Resources Division of the U. S. 
Geological Survey, C. G. Paulsen, Chief Hydraulic 
Engineer, under the administrative supervision of

R. W. Davenport, Chief, Technical Coordination 
Branch, and under the technical supervision of W. B. 
Langbein, Hydraulic Engineer.

The report was prepared by U. S. Geological Survey, 
U. S. Weather Bureau, and U. S. Bureau of Reclamation 
personnel as shown in the table of contents. The 
complete report was reviewed by the technical staffs of 
the cooperating agencies.

R. D. Russell, E. R. Anderson, L. J. Anderson, and 
J. J. Marciano, of the U. S. Navy Electronics Labora 
tory, acted as consultants throughout the project. 
They actively participated in planning the studies and 
offered much helpful advice and assistance during the 
period of field observations. Their compreher sive re 
view of the report is gratefully acknowledged.
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SYMBOLS AND DIMENSIONS

[The numbers in parentheses refer to the equations where the symbol first appears or where additional clarification may be obtained. There is some duplication of symbols
because of the desire to preserve the notation used in the original papers]

Symbol Dimensions Description

D 
E 
M

Ea

En

L

ML-i T-2

Specific heat of water (2).
Empirical constant (7).
Zero-point displacement of the wind

profile (9). 
Vapor pressure (numerical subscript

indicates height in meters) (14). 
ML~ 1 T~ 2 Vapor pressure of the air (3).

Vapor pressure of the air at height z
(4). 

Vapor pressure of saturated air at the
temperature of the water surface
(3). 

Vapor pressure of saturated air at the
assumed temperature of the water
surface (fig. 38). 

Von Karman's constant (4). 
Empirical constant (10). 
Time (24). 
Average wind speed in .r-direction

(numerical subscript indicates
height in meters) (6). 

Average wind speed over evaporation
pan (23).

Average wind speed at height 2 (8). 
Friction velocity (4). 
Distance along horizontal coordinate

axis (11). 
Distance from origin of horizontal

coordinate axis (12). 
Distance along vertical coordinate

axis (4).
Roughness parameter (4). 
Molecular vapor cliffusivity (4). 
Volume of evaporated water (2) or 
Mass of evaporated water from unit

area in unit time (4). 
Computed pan evaporation (22),

assuming T0  Ta . 
Lake evaporation (22). 
Pan evaporation (23). 
Denotes Pearson's function I(X,p)

(11).

LT' 1

L 

L 

L

L 
L2 T-
L3 
ML~

LT' 1

QaT ML2 T-2
Q*s

Qe

Qn 

Qr

Qs

Symbol Dimensions Description

K0 Q Temperature of water surface in °K
(fig. 38).

K0 9 Assumed temperature of water sur 
face in °K (fig. 38).

L L2 T~ 2 Latent heat of vaporization (2). 
M Auxiliary variable (11). 
N Empirical constant (14). 
P ML~ 1 T~ 2 Atmospheric pressure (3). 
Qa ML2 T~ 2 Atmospheric radiation (1).

Reflected atmospheric radiation (1). 
Long-wave radiation emitted by the

body of water (1). 
Energy utilized by evaporation (1). 
Energy conducted f^om the body of 

water to the atmosphere as sensible 
heat (1). 

Net radiation expressed in same units
as evaporation (22). 

Reflected solar radiation (1). 
Solar radiation incident to the water

surface (1).
Net energy advected into the body of 

water by all water volumes enter 
ing or leaving the body of water, 
except that volume leaving as 
evaporated water (1). 

Net energy advected into the body of 
water by all volumes entering or 
leaving the body of water (table 
23).

Energy advected out of the body of 
water by the mass of evaporated 
water (1). 

The increase in energy stored in the
body of water (1).

R Bowen ratio or ratio of Qh to Q e (2). 
S L~ 2T2Q Stability parameter (17). 
T 9 Temperature (numerical subscript

indicates height in meters) (17). 
Ta 9 Temperature of the p,ir (3). 
Th 9 Arbitrary base temperature (2). 
Te 9 Temperature of evaporated water (2).

ML2 T' 2 
ML2 T~ 2

ML 2 T~ 2

Q', MUT-

ML2 T~2



SYMBOLS AND DIMENSIONS

Symbol Dimensions

T0 0
To* 0

Description

Water-surface temperature (3).
Assumed water-surface temperature 

(fig. 38).
An empirical constant (10).
Portion of advected energy into a 

lake utilized for evaporation (fig. 
38).

Portion of energy transfer through 
pan walls utilized in (or not avail 
able for) evaporation (23).

An empirical constant (3) (22)

Symbol

1*

V

P

Pe

r
A

X

Xo

Dimensions

L
L^T' 1
ML~ 3
ML~ 3

ML~ 3

ML~ 3

Description

An empirical constant (fig. 37).
Thickness of the laminar film (4).
Kinematic viscosity of the air (4).
Density of the air (4) .
Density of evaporated water (2).
The gamma function (12).
Slope of saturation vapor pressure

versus temperature curve (22). 
Vapor concentration per unit volume

_ 
Saturation vapor concentratic 'i (11).
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WATER-LOSS INVESTIGATIONS: LAKE MEAD STUDIES

By G. EARL HARBECK, JR., MAX A. KOHLER, GORDON E. KOBERG, and others

ABSTRACT

A comprehensive study to determine the evaporation loss from 
Lake Mead was made during the period March 1952 to September 
1953. Techniques of measuring evaporation tested during the 
course of an interagency cooperative investigation conducted at 
Lake Hefner, Okla., were used.

Evaporation from Lake Mead during the 1953 water year as 
determined from this investigation was found to be 875,000 acre- 
feet, equivalent to a depth of slightly more than 7 feet over the 
lake surface. Techniques were developed for the continuing 
determination of monthly evaporation from the reservoir.

INTRODUCTION

By G. EARL HARBECK, JR., U. S. Geological Survey

Storage began in Lake Mead in 1935, and since then 
hydrologists and hydraulic engineers have speculated 
on the quantity of water lost by evaporation from the 
reservoir. The usual method of evaporation measure 
ment had been through the use of evaporation pans, of 
which the widely accepted Weather Bureau class A pan 
is one example. Differences in pan design, the difficulty 
of obtaining for comparative purposes a precise water 
budget for a large reservoir, and the scarcity of records 
from regions as arid as the location of Lake Mead all 
supported the desirability of obtaining an independent 
evaluation of Lake Mead evaporation for comparison 
with the large evaporation losses that were observed at 
the Weather Bureau class A pans at Boulder City, 
Nev., and in the vicinity of Lake Mead.

The determination of evaporation loss as a residual 
quantity, using the well-known technique of measuring 
inflow and outflow and accounting for changes in 
reservoir storage, was soon found to be impracticable 
because of the overshadowing effect of even small per 
centage errors in measuring the relatively large volumes 
of inflow and outflow. Unmeasured inflow, although 
not large in comparison with evaporation, is sufficiently 
great that errors in estimating it cast further doubt on 
the validity of the evaporation figures thus determined. 
Moreover, it was realized that "bank" storage in the 
reservoir, or ground-water storage in the voids in the 
gravel, sand, and other rock material that underlie the 
reservoir, which is unaccounted for by a hydrographic 
survey, was of considerable magnitude. Bank storage

may add a substantial volume of storage to the com 
monly used figure of capacity indicated by a hydro- 
graphic survey, but a direct measurement of bank 
storage is not practicable and it must be determined by 
other means.

Since the magnitude of possible errors in estimating 
unmeasured inflow and changes in bank storr.ge indi 
cated that accurate determinations of evaporation by 
measuring the inflow, outflow, and change in storage 
were not possible, better techniques for the measure 
ment of evaporation were sought. Not only was an 
accurate evaluation of the evaporation loss considered 
desirable, but it was believed that when such data were 
available one of the unknowns in the water budget 
would be removed and the problem of estimating un 
measured inflow and bank storage could be attacked- 
with more hope of success.

HISTORICAL REVIEW

A historical review of developments leading to the 
present study of evaporation from Lake Mead was 
prepared by Russell (U. S. Geol. Survey, 1954r,, p. 1-2) 
in the interagency report describing the Lake Hefner 
studies. Both the Lake Mead and Lake Hefner studies 
were outgrowths of studies conducted at Lake Mead by 
representatives of the Navy and Interior Departments 
in 1947-49. The possibility of applying certair recently 
developed techniques for the determination of evapora 
tion from Lake Mead was recognized, and preliminary 
estimates of monthly evaporation from Lake Mead were 
made by Anderson and Pritchard (1951) on the basis of 
scant limnological and meteorological data obtained 
during the early studies in connection with then' report 
on the physical limnology of the lake.

The need for additional data with which to subject 
these techniques to a rigorous test was immediately 
apparent. At a conference of the collaborating agencies 
held in Boulder City in December 1948, it was decided 
(1) to investigate the mass-transfer and energy-budget 
techniques for the determination of evaporation and 
ultimately to apply one or both of them, if suitable, 
to a determination of evaporation from Lake Mead, 
and (2) if possible to develop techniques for the deter-

1



WATER-LOSS INVESTIGATIONS: LAKE MEAD STUDIES

mination of evaporation from existing and proposed 
reservoirs on the basis of climatological and limnological 
data. A report was later prepared by Anderson, 
Anderson, and Marciano (1950) that reviewed current 
evaporation theory and described the instrumentation 
developed for the proposed investigation.

The Weather Bureau had long recognized that 
additional information was needed concerning the 
areal and seasonal variation in the pan coefficient, 
which is the ratio between pan and lake evaporation. 
Studies by the Weather Bureau of evaporation from 
its standard class A pan and from other types of pans 
were included in the proposed program.

Because of its hydrologic complexity and the possible 
effect of the rugged terrain on meteorological factors, 
Lake Mead was considered unsuitable for the purpose 
of testing the techniques. Although data were lacking, 
it was believed that the terrain surrounding Lake Mead 
has a considerable effect on wind patterns over the lake. 
In order that information might be available on which 
to base a decision as to the proper location of mete 
orological instruments when the study was eventually 
made at Lake Mead, it was deemed essential that a 
study be made of wind patterns in Boulder Basin. 
That study, which was made by the Weather Bureau 
and the Bureau of Reclamation during the period 
August 1950 to October 1951, is described in this report.

Lake Hefner at Oklahoma City was chosen for the 
tests of the energy-budget and mass-transfer techniques, 
after an exhaustive study of the suitability of lakes and 
reservoirs in western United States (Harbeck, 1951). 
At Lake Hefner accurate determination of evaporation 
by the water-budget method was possible, thus provid 
ing a control for the evaluation of results obtained by 
the energy-budget and mass-transfer techniques.

The Lake Hefner studies (U. S. Geol. Survey, 1954a) 
showed the energy-budget technique to be rigorous 
and dependable for the determination of evaporation 
from most reservoirs for periods of a week or longer. 
Two of the mass-transfer equations tested at Lake 
Hefner gave satisfactory results, as did a quasi-empirical 
equation developed from the Lake Hefner data. The 
studies made by the Weather Bureau indicated that 
previous values of annual pan-to-lake coefficients were 
reasonably consistent with those found at Lake Hefner. 
A pronounced seasonal variation was observed.

PROBLEM AT LAKE MEAD

The primary problem at Lake Mead was to determine 
evaporation from the reservoir. It was decided (1) to 
use as a control the energy-budget method, which was 
supported on rigorous principles and had been proved 
by the Lake Hefner studies to give satisfactory results; 
(2) to test further the two mass-transfer equations that

had given satisfactory results at Lake Hefner; (3) to 
test the quasi-empirical equation, in order to determine 
whether the constant in this equation that had been 
determined for Lake Hefner was also applicable to 
Lake Mead; (4) to test further the Cuirmings radiation 
integrator (CRI), which offered considerable promise 
as a substitute for the expensive radiation-measuring 
equipment that had been used at Lake Hefner (Har 
beck, 1954); and (5) to investigate the areal variation 
in net radiation received at Lake Mead, to determine 
whether records obtained at one station in Boulder 
Basin could be considered representative of the entire 
lake.

Further investigations of pan-to-lake coefficients 
were considered advisable in order to obtain more 
information as to their areal and seasonal variation. 
Although the energy-budget results at Lake Mead 
were not expected to be as accurate as the water-budget 
control at Lake Hefner, annual figure? were expected 
to be adequate for another check of the annual co 
efficient determined at Lake Hefner. The monthly 
results were expected to be of adequate accuracy to 
indicate whether the seasonal variation at Lake Mead 
corresponds to that at Lake Hefner.

Equipment was moved from Lake Hefner to Lake 
Mead in the autumn of 1951. Most of the next winter 
was spent in installing equipment at Lake Mead. 
Observations were begun on March 1, 1952, and were 
continued until September 30, 1953, the end of the 
1953 water year.

PERSONNEL 

GENERAL SUPERVISION

Geological Survey. R. W. Davenport, chief, Technical 
Coordination Branch, Water Resources Division, as 
sisted by W. B. Langbein, gave general supervision to 
the work of the Survey. G. E. Harbeck, Jr., was 
responsible for field operations and liaison and for the 
preparation of this report, in which he was assisted by 
G. E. Koberg. J. H. Gardiner, district engineer, 
Surface Water Branch, Tucson, Ariz., exercised admin 
istrative supervision over Geological Survey personnel 
stationed at Boulder City. The engineer-in-charge of 
the Boulder City office of the Surface Water Branch 
has been assigned the responsibility for the continuing 
computations of evaporation from Lake Mead.

Bureau of Reclamation. J. R. Riter, chief development 
engineer, Project Investigation Division, was in general 
charge of the work for this Division of the Bureau, 
with consultation provided by W. U. Garstka, head, 
River Regulation Section. C. P. Vetter, chief, Office 
of River Control, Region III, succeeded by J. W. 
Stanley, regional river control engineer, was in general 
charge for the Bureau at Boulder City, with R. P.
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Leatham responsible for technical aspects of the work. 
R. B. Spearman, chief, Civil Engineering Branch, 
Engineering Division, was the technical representative 
for Boulder Canyon Project, which will continue to 
obtain basic data for the evaporation determinations as 
part of the normal project activities.

Weather Bureau. W. E. Hiatt, chief, Hydrologic Serv 
ices Division, was in general charge for the Bureau, 
with technical direction by M. A. Kohler. chief research 
hydrologist. V. W. Rupp, western area engineer, was 
responsible for general field liaison, and C. A. Carpenter, 
meteorologist in charge of the Las Vegas station, for 
local liaison. M. A. Kohler, T. J. Nordenson, and W. E. 
Fox prepared that part of the report describing the 
studies made by the Weather Bureau.

Bureau of Ships. E. L. Schwab, Jr., Cdr., USN, head, 
Sonar Design Branch, Electronics Division, was re 
sponsible for the Bureau's participation, with technical 
direction and liaison by B. K. Couper, oceanographer, 
Sonar Design Branch. G. B. Cummings, then civilian 
assistant, Sonar Branch, represented the Bureau during 
the time that the project was being planned.

Navy Electronics Laboratory. R. Dana Russell, senior 
consultant (geophysics), was in general charge for the 
Laboratory, with E. R. Anderson acting as technical 
consultant for the energy-budget studies, J. J. Marciano 
for the mass-transfer studies, and L. J. Anderson for 
instrumentation.

FIELD AND OFFICE PERSONNEL

C. P. Vetter, succeeded in April 1953 by J. W. 
Stanley, acted as technical coordinator for Bureau of 
Reclamation, Geological Survey, and Navy personnel 
at Lake Mead.

Installation of most of the equipment at Lake Mead 
was made by Bureau of Reclamation, Geological Survey, 
and Navy personnel working together. The Weather 
Bureau class A pan station on Boulder Island was 
installed by H. N. Schwartz of the Weather Bureau 
office at Phoenix. r

Until their detachment on May 1, 1953, C. C. McCall, 
Lt., USN, assisted by J. D. M. Freitas, MNC, USN, 
and H. E. Knudsen, MNC, USN, who were assigned 
to the project by the Bureau of Ships, operated the 
meteorological equipment on the Boulder Basin barge, 
on Boulder Island, and on the raft in Boulder Wash. 
They also made the thermal surveys of the lake.

The operation and maintenance of the CR1 station 
at Boulder Island, Overtoil Arm, and Bonelli Landing, 
and the raft stations at Overtoil Arm and Temple Bar, 
were under the direct supervision of H. O. Wires, U. S. 
Geological Survey, with assistants furnished by the 
Bureau of Reclamation. After the detachment of

Navy personnel, Wires also assumed responsibility for 
the operation and maintenance of all equipnent at 
Lake Mead, including the making of the thermal sur 
veys. He was then assisted by C. W. McCuin of the 
Bureau of Reclamation, and for a short time by F. W. 
Kennon of the Geological Survey.

Operation of the gaging stations Virgin River near 
Littlefield and Colorado River below Hoove" Dam 
(under the immediate supervision of F. S. Anderson) 
and Colorado River near Grand Canyon and Bright 
Angel Creek near Grand Canyon (under the immediate 
supervision of A. G. Hely) and the furnishing of 
resulting discharge records were the responsibility of 
the Tucson District of the Geological Survey, J. H. 
Gardiner, district engineer.

Processing of the data and computation of results 
at Boulder City was under the immediate supervision 
of G. E. Koberg of the Geological Survey, assisted by 
Mildred K. Hunter and E. A. Massa of the Bureau of 
Reclamation. Analysis of the mass-transfer data was 
made by G. E. Harbeck, Jr., assisted by G. E. Koberg.

Processing of data for the Weather Bureau section 
of the report was performed in the Hydrologic Investi 
gations Section, Hydrologic Services Division, by J. T. 
Riedel, assisted by J. W. Miller, Margaret R. Loigston, 
and Madeline B. Triplett.

Photographs of all field installations were made by 
the Bureau of Reclamation; some are used as illustra 
tions in this report.

GENERAL DESCRIPTION OF LAKE MEAD

By G. EARL HARBECK, JR., U. S. Geological Survey 

RESERVOIR AREA AND THE DAM

Lake Mead, the largest reservoir in the United States, 
is located on Colorado River, which in this area is the 
boundary between Nevada and Arizona. The lake is 
formed by Hoover Dam, a concrete arch-gravity 
structure that lias a maximum structural height of 
726.4 feet. Although the dam was completed in 1936, 
storage began during the previous year. A complete 
description of the dam and reservoir has been prepared 
by the Bureau of Reclamation (1941). The physical 
limnology of the lake has been described by Anderson 
and Pritchard (1951).

A hydrographic survey of Lake Mead was riade by 
agencies of the Department of the Interior and the 
Department of the Navy in 1948-49. A report 
describing the studies was prepared by Smith, Vetter, 
Cummings, and others (in preparation) and summarized 
by Thomas (1954). At the time of the survey the total 
capacity at maximum water-surface elevation (1,221.4 
ft), exclusive of surcharge, and with gates in a raised 
position, was 29,827,000 acre-feet, of which 2,620,000
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36°35'|

INSTRUMENT LOCATION 
A. BOULDER ISLAND 
B. BOULDER BASIN BARGE 
C. MAINTENANCE BARGE 
D. BOULDER CANYON RAFT 
E. VIRGIN BASIN BARGE 
F. BONELLI LANDING CUMMINGS

RADIATION INTEGRATOR 
G. TEMPLE BAR RAFT 
H. OVERTON ARM CUMMINGS

RADIATION INTEGRATOR 
I. OVERTON ARM RAFT 
J. PIERCE FERRY FLOATING

AND LAND PANS 
K. NORTH LAS VEGAS WASH

FLOATING AND LAND PANS 
L. SOUTH LAS VEGAS WASH

FLOATING AND LAND PANS 
M. BOULDER CITY LAND PANS

BASINS
1. BOULDER BASIN
2. VIRGIN BASIN
3. TEMPLE BAR AREA AND 

VIRGIN CANYON
4. GREGG BASIN
5. GRAND WASH BAY 

PIERCE BASIN
7. LOWER GRANITE GOPGE
8. OVERTON ARM

7-AII erst of this 
meridian

10' 05' 114°00' 57' 55'

FIGURE 1. Map of Lake Mead showing location of instruments.

acre-feet was dead storage below the sill of the lowest 
outlet. For flood-control operation, total capacity, 
including surcharge, was 31,047,000 acre-feet. The 
water-surface area at maximum controlled water- 
surface elevation was 158,000 acres. As these are the 
latest figures available, they are used as a basis for 
computations in this report. The lake is extremely 
irregular in shape. Boulder and Virgin Basins (num 
bered 1 and 2 on fig. 1) contain about 60 percent of the 
total storage in the reservoir.

During the period covered by this report, March 1, 
1952, to September 30, 1953, reservoir elevation 
varied from 1,133.2 feet in April 1952 to 1,201.1 feet 
in July 1952. Correspondingly, surface area varied 
between 108,000 and 146,000 acres, and total content, 
between 18,231,000 and 26,743,000 acre-feet (see fig. 2). 
Inflow during the 1952 water year was considerably 
greater than in 1953 (see fig. 3), and the maximum

elevation attained in 1953 was 1,166.£ feet, approxi 
mately 35 feet lower than in 1952.

CLIMATOLOGY

The climate at Lake Mead is arid. Mean annual 
temperature at Las Vegas is 66°F (19°0) and annual 
precipitation is less than 5 inches, according to Weather 
Bureau records. Maximum temperatures of 110°F 
(43 °C) are not uncommon in July and August. Aver 
age minimum temperature in January is 30°F ( 1°C). 
Winds are generally light.

Figure 4 illustrates the relation between water- 
surface temperature at Lake Mead and fir temperature 
at Lake Mead and Las Vegas. It will be noted that 
water-surface temperatures lag about 1 month behind 
air temperatures. A lag of about one-half month was 
observed at Lake Hefner, Okla., a much smaller lake. 
Winds at Lake Hefner were much stronger, however,
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Boulder Basin, 8-meter level 
-Las Vegas Airport
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FIGURE 5. Variation in monthly average wind speed at Lake Mead and at 

Las Vegas, Nev.

pressures at Lake Mead and Las Vegas is much better 
than between wind speeds at these two locations.

Figure 7 was prepared to indicate the extent to which 
conditions during the period March 1952 to September 
1953 were near normal. As past records for comparison 
purposes were lacking at Lake Mead, the only recourse 
was to base the comparisons 011 records obtained at 
the Weather Bureau station at the Las Vegas airport. 
The site of the station was changed during the period 
1937-52 and the locations of certain instruments were 
also changed, but it is believed that the usefulness of 
the record for general comparative purposes has not 
been affected thereby. Studies made by the Weather 
Bureau, which are described in a subsequent chapter, 
indicate that the change was significant with respect 
to dewpoint. Kecords of evaporation from a class A 
pan at Boulder City are also shown in figure 7.

Pan evaporation was somewhat below normal during 
the 19-month period. During the water year ending 
September 30, 1953, pan evaporation was 4 percent 
below the 1936-53 average. Percentage of both 
sunshine and air temperature were slightly above 
normal. Humidity was below normal. Precipitation 
during the 1953 water year was above normal at the 
Las Vegas airport; but, on the basis of other precipita 
tion records at stations at Lake Mead, precipitation on 
the lake was apparently below normal during this 
period, which is quite possible in view of the areal 
variability of desert rainfall. On the basis of the 
preceding comparisons, it must be concluded that, 
generally speaking, weather conditions were not 
greatly different from normal.
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FIOUEE 6. Variation in monthly average vapor pressure at Lake Mead and at 
Las Vegas, Nev.

WIND PATTERNS OVER BOULDEP BASIN

By MAX A. KOHLER, U. S. Weather Bureau

Because of the cost of instrumentation and collection 
and analysis of the data, particularly for the turbulent 
transport approach, it was evident that planned obser 
vations at Lake Mead would, of necess; ty, be limited 
to a rather small segment of the reservoir. To make 
the most of such a limited program, a knowledge of 
the wind pattern over the reservoir was deemed neces 
sary in order that the most nearly representative sites 
could be selected for the observational equipment. It 
is this phase of the program (determination of flow 
patterns) for which the wind analyses reported herein 
were conducted. 1 (U. S. Weather Bureau, 1953).

1 This phase of the Lake Mead study is presented in greater detail in the cited 
report. Because the work was an integral part of Lake Meal studies, however a 
summary is included herein.
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FIGURE 7. Comparison between meteorological data at Las Vegas, Nev., during 1952-53 and averages for 1937-52.

At a conference of the cooperating agencies held in 
Oklahoma City in April 1950, it was agreed that initial 
mass-transfer studies at Lake Mead would be confined 
to the lower part the Boulder Basin. It was further 
agreed that a network of recording wind stations should 
be established in this area as soon as feasible and oper 
ated for a period of at least 1 year, to determine the 
local flow patterns. The Weather Bureau was to fur 
nish the necessary instruments and analyze the records, 
and the Office of River Control of the Bureau of Rec 
lamation was to undertake installation and maintenance 
of the equipment.

At a subsequent conference in Boulder City in April 
1950. representatives of the Bureau of Reclamation, 
the Navy, and the Weather Bureau discussed detailed 
arrangements relative to instrumentation, installation, 
and operation of the network and made an inspection of

Boulder Basin to select sites for the wind stations. Nine 
sites were selected (see fig. 8), consideration being given 
to their accessibility, the time required for servicing of 
equipment, height above water level, and availability 
of suitable equipment.

There was some delay in shipment of the instruments 
and in construction of the masts and shelters, conse 
quently the network was not placed in operation until 
June 15, 1950. Because of instrumental difficulties, the 
records collected prior to the first of August vrere not 
suitable for analysis. The 9 stations were closed October 
31, 1951, providing 15 months of data for analysis.

On March 27, 1951, one additional wind station was 
established at Pierce Ferry (fig. 8), in the Colorado arm 
of Lake Mead, to provide information required by the 
Bureau of Reclamation. Although there are about 7 
months of record for this station concurrent with that

419661 O -58 -2
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FIGURE 8. Map of Lake Mead showing location of stations used in study of wind patterns.

114" 00'

from the original network, it has been excluded from the 
wind rose charts principally because of its rather remote 
location. The data for this station are summarized 
elsewhere (U. S. Weather Bureau, 1953).

DESCRIPTION OF NETWORK

The locations of the 10 stations (including that at 
Pierce Ferry) are shown on the map of figure 8. Al 
though an effort was made to select sites within a 
relatively narrow elevation range, other considerations 
resulted in the selection of locations ranging in eleva 
tion from 1,211 to 1,296 feet, as follows:

Station Ehv (ft) Station Elev (ft) Station Elev (ft)
!...________ 1,296 4.._________ 1,237 7 .   __.__ 1,257
2...___._____ 1,260 5 ----_-_- 1.234 8_._._______ 1, 216
3__.__.______ 1,211 6-__    ___ 1,235 9-_______.__ 1,265

The Pierce Ferry station was installed adjacent to the 
existing class A evaporation station at an elevation of 
approximately 1,370 feet.

The anemometers were mounted with the cups about 
8 feet above the ground surface, and the vanes were 
about 2 feet higher (fig. 9). It should be pointed out 
that the height of the instruments above the water 
surface varied considerably during the observational 
period because of seasonal fluctuations in contents of 
the reservoir. Variations in reservoir level are shown 
graphically in figure 10.

ANALYSIS AND RESULTS

Wind roses and other types of wind frequency data 
are customarily presented in terms of percent of time, 
primarily because observations of wine1 direction are 
normally taken as a time series. The recorders used 
in this study provided an observation of wind direction 
each tune the anemometer indicated an accumulated 
wind movement of 2 miles, and thus the data are in a 
form directly suitable for computation of percent of 
wind movement from each direction. Inasmuch as
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FIGURE 9  Anemometer and vane at station 9. Photograph by Bureau of Reclamation.
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FIOUKE 10. Elevation of Lake Mead surface during the- period of wind observations.

data in this form would fully serve the purpose of the 
study, all frequency analyses presented here are in 
terms of percent of wind movement.

To define adequately diurnal and seasonal variations 
in the wind pattern, the data were analyzed by 4-hour 
periods throughout the days of each month of record, 
and the results for the six 4-hour periods were in turn 
summarized to obtain daily values.

Frequency data derived from records of four selected 
months are presented as wind roses on plate 1. The 
daily wind rose for each station is encircled by the 
six 4-hour wind roses, and the average hourly wind 
speed is shown at the center of each rose.

The most striking feature of the wind pattern over 
the Boulder Basin is its pronounced diurnal fluctuation, 
brought about by the topographic configuration 
(mountain-valley and canyon breezes), and by the 
temperature differences between land and water areas 
(land sea breeze).

The winds at station 8 display a very prominent 
seasonal variation as compared with those at most 
other stations. This can be explained by canyon

effects, and by the fact that movement resulting from 
temperature contrasts between land and water are more 
nearly in phase with the prevailing winds. The 
greatest temperature contrasts occur in about January 
and June the water being colder than the air in 
summer and warmer in winter and the prevailing 
wind in the lower levels is northeasterly in winter and 
southerly in summer. Close examination of winds for 
other stations reveals similar effects that result from 
topography and land-water temperature contrasts.

Resultant wind and average wind speed at each of 
the nine stations for the last full year of record are 
summarized in table 1. The wind at most stations 
tends to shift approximately 180° diurnally, which 
accounts for the pronounced difference between average 
and resultant wind speeds. For example, the wind at 
station 8 is either northwest or southeast most of the 
time, and the movement from each direction is about 
the same. The west-southwest direction of the re 
sultant wind at this station results primarily from the 
fact that the southwest nocturnal wind has no diurnal 
counterpart from the north and east.
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TABLE 1. Average resultant wind speed and direction and average 
wind speed at Lake Mead, November 1950 to October 1951

Station

1
2
3
4
5_
6
7
8  ----------_----___----
9_--_-------__--_---_---_

Resultant wind

Direction

S 
SSE 
SE
S 
S 

SSE 
S

wsw
SSE

Speed (mph)

1.7 
3. 1 
3. 2 
3.0 
2.4 
1. 7 
2.4 
1.0 
2.3

Average wind 
speed (mph)

8. 0 
8.8 

10.2 
7.7 
7.9 
6.3 

10.8 
8. 6 
8.9

INSTRUMENTATION AND METHODS

By GOEDON E. KOBEKG, U. S. Geological Survey

WATER-BUDGET INSTRUMENTATION

Although evaporation from Lake Mead was not de 
termined by the water-budget method as at Lake 
Hefner, a water budget without the stringent accuracy 
required at Lake Hefner had to be obtained to evaluate 
advection and storage terms of the energy budget, and 
as an approximate check to guard against gross errors 
in the computed figures of evaporation. Instruments 
at installations existing at the time of the study were 
utilized for this purpose.

INFLOW

The Colorado River is the main source of surface in 
flow into Lake Mead. The nearest stream-gaging sta 
tion, which is near Grand Canyon, Ariz., is 190 river 
miles above the convergence (at usual reservoir levels), 
which is defined as the boundary between the muddy 
Colorado River water and the clear Lake Mead water. 
The only Colorado River tributary below the Grand 
Canyon gaging station whose flow is measured is Bright 
Angel Creek, which enters the main stream a quarter of 
a mile below the Grand Canyon gaging station. Stand 
ard stream-gaging techniques, as described by Corbett 
(1943), are used. All other tributaries between Bright 
Angel Creek and the convergence are unmeasured. It 
was considered impractical to attempt to measure these 
minor tributaries, although they may have considerable 
flow at times. The two stream-flow records are classified 
as excellent, which means that in general the error in 
daily records is believed to be less than 5 percent. Over 
a period of a month the error is probably less.

It was also necessary to adjust measured flows at 
Grand Canyon for the time of travel between that point 
and the head of the reservoir, which on the basis of 
hydrologic studies was estimated to be from 2 to 3 days, 
depending on the flow. Using the method described by 
Corbett (1943, p. 156-157), adjustments were also 
made for channel storage between the two points,

which was significant only during periods of high runoff. 
These adjustments were minor, however, for the 
periods of about 1 month used in the computations.

Virgin River is the only other major tributary to Lake 
Mead whose flow is measured. The discharge records 
obtained at the gaging station near Littlefield, Ariz., are 
considered to be slightly less accurate on a percentage 
basis than the Grand Canyon record, but this is of little 
consequence, as the average flow of Virgin River is less 
than 1.5 percent of the flow at Grand Canyon.

Unmeasured inflow includes the runoff entering Colo 
rado River between the mouth of Bright Angel Creek 
and the head of the reservoir, and flow of all streams 
except Virgin River that discharge directly into Lake 
Mead. The area from which this runoff is derived has 
topographic and climatic characteristics not greatly 
different from those of the Virgin River basin. Un 
measured runoff was therefore considered to be pro 
portional to Virgin River flow. A large error in the 
estimated proportionality factor would have little con 
sequence, however, since unmeasured inflow is such a 
small item that it is substantially less than the possible 
error in the Grand Canyon record, even though that 
record is considered to be of excellent accuracy.

OUTFLOW

Reservoir releases are the major surface outflow from 
Lake Mead. Outflow is measured at a stream-gaging 
station located 1 mile below Hoover Dam, and the 
records thus obtained are checked against figures ob 
tained from power plant records. These records are 
rated as excellent. Pumping from Lake Mead for do 
mestic and industrial uses is less than one-tenth of one 
percent of the outflow and was disregarded.

CHANGE IN RESERVOIR CONTENTS

An accurate area-capacity curve is available which 
was prepared on the basis of a hydrographic survey of 
the lake made in 1948-49 (Smith, Vetter, Cummings, 
and others, in preparation). Between 1948 and 1952 the 
capacity of the reservoir was slightly reduced because 
of the addition of sediment to the lake. The slight 
change in capacity was of little consequence in the 
present study because the sediment was deposited at 
the bottom of the lake, where the temperature of the 
water remains almost constant throughout the year. 
Thus, the small capacity change has no effect on com 
puted figures of change in energy storage.

Changes in lake stage are recorded on a Stevens 
remote-registering gage with the actuating element 
mounted over a stilling well built into Hoover Dam. 
The gage-indicator dial and a Stevens water-stage 
recorder are located in the powerhouse. Bureau of 
Reclamation employees make midnight observations
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of lake stage by observing the gage-indicator dial. 
These midnight observations of lake stage were used 
throughout the computations.

RAINFALL ON THE LAKE SURFACE

Rainfall on the lake surface is a small item in the 
water budget, averaging less than one-half of one 
percent of the inflow. Four tipping-bucket recording 
rain gages were used to measure rainfall; they were 
located on Boulder Island in Boulder Basin, on the
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FIGURE 11. Monthly rainfall in Lake Mead area and at Las Vegas, Nev.

barge in Boulder Basin, at Bonelli Landing, and at 
Overton Arm. The rainfall recorded at each station 
was assumed to be representative of the rainfall on 
the basin or basins in which the gage was located, 
except that records from the two tipping-bucket record 
ing rain gages in Boulder Basin were averaged to 
obtain the rainfall on Boulder Basin. Monthly rainfall 
at all four stations at Lake Mead and at the Weather 
Bureau station at the Las Vegas airport is shown in 
figure 11.

All four rain gages were in operation by March 1, 
1952. In July 1953 the two rain gages at Bonelli 
Landing and Overton Arm were discontinued, after 
which the average of the two rain gages at Boulder 
Island and Boulder Basin barge was assumed to be 
representative of the entire lake.

ENERGY-BUDGET INSTRUMENTATION

Incoming atmospheric and solar radiation at Lake 
Mead were measured with a Gier and Dunkle flat-plate 
radiometer and an Eppley pyrheliometer, located on 
Boulder Island (see fig. 1). The Cummings radiation 
integrator (CRI), a heavily insulated pan of water, 
was also used to measure net incoming radiation, both 
atmospheric and solar. Records obtained during the 
Lake Hefner studies, according to Harbeck (1954, 
p. 126) indicated that the CRI offered considerable 
promise as a replacement for the conventional radiation 
equipment, but that additional data* were needed. 
Three CRI's were therefore used at Lake Mead, one 
for direct comparison with the radiation equipment 
and the other two to determine the areal variation in 
radiation over Lake Mead.

It was considered unnecessary to measure solar 
radiation reflected from the water surface. Studies by 
E. R. Anderson (1954, p. 78-88) indicated that it could 
be computed from climatological records with sufficient 
accuracy for use in the determination of evaporation.

RADIATION MEASUREMENT

Solar radiation was measured by the Eppley pyr 
heliometer. The pyrheliometer is a flat circular plate 
mounted horizontally inside a lime glass bulb. The 
plate is divided into a central white spot, a black ring, 
and an outer white ring. A 10-junction thermopile 
measures the temperature difference between the black 
and white areas, which is proportional to the radiation 
flux penetrating the glass bulb.

Total incoming radiation was measured by the Gier 
anal Dunkle flat-plate radiometer (Dunkle and others,
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1949). The radiometer consists of a flat 2-inch-square 
plate mounted horizontally in the blast of a small 
blower. The plate is a sandwich with a blackened alumi 
num upper surface and a polished aluminum lower sur 
face; between is a thermopile measuring the vertical 
temperature gradient across an insulating sheet form 
ing the center layer of the sandwich. The thermopile 
voltage is thus proportional to the heat flow down 
through the plate, which in turn is proportional to 
energy received at the blackened surface after deduction 
of the black-body radiation. To obtain the latter 
correction, a separate thermocouple is used to measure 
the black-surface temperature. The function of the 
blower blast is to eliminate unequal convection from 
the upper and lower sides of the plate.

Pyrheliometer and radiometer voltages were recorded 
using an amplifying and recording system similar to 
the one used for temperature and humidity as described 
by Anderson, Anderson, and Marciano (1950, p. 50-54).

Figure 12 shows the radiation equipment installed on 
Boulder Island. On top of the small platform and to 
the left is the flat-plate radiometer and to the right is 
the Eppley pyrheliometer. As it was considered un 
necessary to obtain a direct measurement of reflected 
solar radiation using downward-facing Eppley pyrheli- 
ometers, it was possible to locate the equipment on

Boulder Island instead of the barge, thus reducing 
operational difficulties.

The radiation equipment was started in operation on 
February 20, 1952, and continued through September 
30, 1953. The equipment performed exceptionally well 
with little lost record. Table 2 shows the percentage 
of usable data for the pyrheliometer and flat-plate 
radiometer.

In the spring of 1953 there was an apparent dis 
agreement between solar radiation recorded at the Las 
Vegas airport and Boulder Island. On July 17, 1953, 
in order to check the calibration of the pyrheliometer 
on Boulder Island, a new calibrated pyrheliometer was 
mounted on top of the maintenance barge moored on 
the south shore of Boulder Basin and a continuous 
record of solar radiation was obtained. The calibra 
tion check was continued until September 7, 1953, 
when it was decided that there had been no discernible 
change in calibration of the Boulder Island pyrheliom 
eter.

The manufacturer's calibration of the Eppley pyrheli 
ometer was used, which is based on the Smithsonian 
scale of 1913. According to MacDonald and Foster 
(1954), instruments calibrated to the 1913 scale give 
results that may be 2.5 percent too high. No correc 
tions were applied to observed values.

TABLE 2. Percentage of usable data for radiation equipment, by energy-budget periods

Period

1952 

Mar. 12-Apr. 14
Apr. 15- May 11
May 12-June 11__ __ _ _____ _ _ ______ _____ ____
June 12- July 8___ _____ ______________
July 9- Aug. 5
Aug. 6-Sept. 3_ _ __ ____ __ _____ __ . _ ___________
Sept. 4-Oct. 2
Oct. 3-Nov. 5 _____________
Nov. 6-Dec. 2

1952-1953 

Dec. 3-Jan 8

1953 

Jan. 9-Feb. 2__________ _ __________ ___ ____ _ __ ___
Feb. 3-Mar. 2___ _____ ___________ _____ _ ____ _ _,_
Mar. 3-31 __
Apr. 1-Apr. 27
Apr. 28- May 27
May 28-June 29__ ____ _ ________ _ _ ___________
June 30- July 29__ ____ ______ _ __________ _
July 30-Aug. 26________ ___ __________________________
Aug. 27-Sept. 28_ ________ __ ____

Pyrheliometer

99 
100 
98 
95 
99 
98 
97 
95 

100

99

99 
97 
94 
98 
97 
99 
95 
89 
97

Flat-plate 
radiometer

98 
98 
93 
91 
97 
97 
94 
90 

100

99

96 
93 
87 
98 
95 
97 
91 
83 
94

Cummings radiation integrators 
(usable temperature data only)

Boulder Island

100 
100 
89 

100 
90 
93 
87 
84 
94

98

100
97 
92 
78 
93 
94 
95 
87 
89

Bonelli Landing

59 
79 
79 
63 
78 
70 
76 
76 
59

84

95 
77 
99 
99 
88 
75

Overton Arm

97 
74 
60 
40 

100 
97 
88 
89 
88

57

32
79 
32 
76 
76 
70

!
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FIGURE 12. Gier and Dunkle flat-plate radiometer and Eppley pyrheliometer on Boulder Island in Lake Mead. Photograph by Bureau of Reclamation.
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One minor change was made in the monthly accuracy 
checks of the input impedance of the radiation amplifier 
to prevent inaccuracies resulting from the external 
radiation circuits. The regular monthly check had 
been accomplished by substituting a fixed 500-ohm 
resistor for the radiation circuit and adjusting the mech 
anical zero of the galvanometer until zero input voltage 
was indicated on the recorder. After a period of 
operation, the mechanical zero of the galvanometer was 
usually slightly off, but not enough to cause any serious 
error providing the resistance of the radiation circuit 
was substantially less than the resistance of the ref 
erence circuit. However, the resistance of the flat- 
plate radiometer is 250 ohms, and any small error in the 
mechanical zero of the galvanometer could cause 
serious error in the flat-plate radiometer record and yet 
not cause appreciable error in the pyrheliometer record 
because the resistance of the pyrheliometer is only 10 
ohms.

In order to have a continuous check of the mechanical 
zero of the galvanometer, an additional reference circuit 
of 500 ohms was added to the 15-point switch in October 
1952, which was used as an indication of zero output 
from the flat-plate radiometer, pyrheliometer, and flat- 
plate radiometer thermocouple. The mechanical zero 
was adjusted whenever there was a noticeable difference 
between the zero values indicated by the 500-ohm 
reference circuit and a direct-short reference circuit.

The maintenance of the radiation equipment re 
quired occasional dusting of the pyrheliometer bulb 
and polishing the reflecting surface of the underside of 
the radiometer. A coat of flat-black enamel was given 
to the radiometer plate periodically. The enamel 
used was the same brand as that used by the 
manufacturer.

CUMMmGS RADIATION INTEGRATORS (CRI)

The areal distribution of incoming radiation was 
determined by installing two CRI's in remote areas 
accessible by automobile, one in the Overton Arm area 
and the other at Bonelli Landing. A third CRI was 
installed on Boulder Island for comparison with the 
conventional radiation equipment.

The Boulder Island CRI was placed in operation on 
February 20, 1952, and continued in operation until 
February 25, 1953, when the overhanging rim was 
removed in order to determine if it was fullfilling its 
purpose of maintaining the area of the water surface 
exposed to solar radiation nearly constant. On March 
2, 1953, the Boulder Island CRI was again placed in 
operation, but without the rim.

A thermocouple psychrometer was installed on 
Boulder Island on July 27, 1952, after it had been 
determined that the recorded air temperatures and

humidities at the Boulder Basin barge were not repre 
sentative of Boulder Island. The temperature of 
rainfall and the temperature of the overhanging rim 
of the CRI were replaced in the recording sequence by 
dry- and wet-bulb temperatures.

The Bonelli Landing CRI was constructed and 
operated exactly as the Boulder Island CRI except 
that the area of the overhanging rim was 10 percent 
less than that of the Boulder Island CRI. It was 
installed on February 15, 1952, and was operated until 
July 8, 1953. A thermocouple psychrometer was in 
stalled on June 19, 1952, after it had become apparent 
that the recorded air temperatures and humidities at 
Boulder Wash raft were not representative of condi 
tions at the Bonelli CRI.

The Overton Arm CRI (see fig. 13) was constructed 
about 5% miles south of the Overton boat anchorage 
and was identical with the Bonelli CRI. It was in 
stalled on February 15, 1952, and was operated until 
July 8, 1953. On June 19, 1952, a thermocouple 
psychrometer was installed.

The CRI's were serviced at weekly intervals using 
the technique developed at Lake Hefner (Harbeck, 
1954, p. 121-122). The Overton and Bonelli CRI's, 
which were visited about once a week, had less usable 
temperature data than the Boulder Island CRI, which 
was checked daily. Table 2 shows the amount of 
usable temperature data for each CRI by energy-budget 
periods.

The recording of temperature data was the principal 
maintenance problem and is discussed in the section on 
mass-transfer instruments.

TEMPERATURE PROFILES OF LAKE

Temperature profiles were obtained with a surface- 
bucket thermometer and a 450-foot bathythermograph 
(Spilhaus, 1938), using the technique described by 
Anderson and Pritchard (1951), in which the surface- 
bucket thermometer is used to calibrate the bathy 
thermograph each time a profile is obtained. The 
bathythermograph (BT) provides a continuous record 
of temperature versus depth. A stylus, attached to a 
Bourdon tube, records the temperature on a smoked- 
glass slide. The slide is held in a frame attached to a 
pressure bellows, and hence the frame and slide move 
relative to the arc of the stylus as the depth changes. 
The BT gives relative temperature to an accuracy of 
0.1°-0.3°F. Observed surface temperatures are used 
to calibrate the bathythermograph record.

During the Lake Mead water-loss investigation, it 
was necessary to use four different BT's because some 
became inoperative. The first BT was used only for 
the thermal survey made in March 1952. The second 
BT was used for the surveys made in April 1952 through
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FIGURE 13. Cummings Radiation Integrator installation at Overton Arm. Note thermocouple "hat" at right rear corner of fence. Photograph by H. O. Wires.

September 1952. The third BT was used for the 
October 1952 survey, and the fourth was used in all 
subsequent surveys.

During the period January 1953 through May 1953, 
the third and fourth BT's were tied together and lowered 
simultaneously at all stations for each thermal survey. 
The third BT indicated a more rapid decrease of tem 
perature with depth than the fourth BT, to a depth of 
100 feet below the lake surface. At greater depths the 
difference was about 1.0 °F. For each thermal survey, 
all temperature profiles recorded by the same BT were 
averaged to obtain the mean profile of the lake. During 
the comparison period the difference between mean pro 
files that were obtained using the third and fourth BT's 
remained fairly constant.

In the original program for the Lake Mead studies 
the temperature profile recorder (TPR) (Anderson 
and Burke, 1951) was to be used to determine tempera 
ture profiles. Because the TPR was designed for the 
Lake Hefner study, certain modifications were needed 
before it could be used at Lake Mead, owing to the 
much greater depth of water in Lake Mead. These 
modifications were completed about 6 months after the

project started. In an equipment test at Lake Mead, 
the TPR gave erratic results, mostly attributable to the 
difficulty in maintaining watertight connections under 
the extreme pressures met at great depths. After 
careful study it was decided that further modification 
was necessary, but this was not completed until the 
end of the project.

CONTINUOUS TEMPERATURE PROFILES

In order to obtain further information as to the 
thermal structure of the lake, a series of thermocouples, 
located at depths of %, %, I, 2, 4, 8, 16, 32, and 64 
meters below the lake surface, was installed at the 
Boulder Basin barge on September 30, 1952. The 
temperatures indicated by these thermocouples were 
recorded sequentially. On January 23, 1953, the series 
of thermocouples was modified and additional thermo 
couples added, the new depths being %, 1, 4, 8, 12, 16, 
20, 24, 28, 32, 36, 40, 46, 52, 58, 64, 70, 76, and 82 
meters. This series remained in operation until Octo 
ber 1, 1953, except for the period May 20, 1953, to 
July 10, 1953, when the amplifier was being repaired. 
The Virgin Basin barge also had a string of thermo-
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couples similar to the one at the Boulder Basin barge, 
at depths of 1, 4, 8, 12, 16, 24, 32, 40, 48, 56, 64, 72, 
80, and 88 meters.

MASS-TRANSFER INSTRUMENTATION

The location of the barge mass-transfer station in 
Boulder Basin was selected on the basis of a study of 
wind patterns in Boulder Basin that was made during 
1950-51 by the Weather Bureau (1953), using data 
furnished by the Bureau of Reclamation. Later in 
the investigations another mass-transfer station was 
installed on a barge in the Virgin Basin. The location 
of the stations is shown in figure 1.

The mass-transfer instrumentation at Lake Mead was 
essentially the same as that used at Lake Hefner (L. J. 
Anderson, 1954) but on a considerably reduced scale. 
Copper-constantan thermocouples were used for all 
temperature measurements. The low-power amplifier 
developed especially for the Lake Hefner study was 
used to amplify the thermocouple voltages. The 
amplifier was of a negative-feedback-galvanometer type

with a power consumption of 4 watts. A complete 
description of the amplifier and the thermocouple 
psychrometer may be obtained by referring to Anderson, 
Anderson, and Marciano (1950), Bellaire and Anderson 
(1951), and Denton (1951). The amplified thermo 
couple voltages were recorded on a 1 ma Esterline- 
Angus recorder with a spring-wound-clock chart drive. 
A 20-point rotary switch was used for sequential 
temperature measurements.

Wind speed was measured with a standard 3-cup 
Robinson-type contact anemometer. Rainfall was meas 
ured with a tipping-bucket rain gage. The method of 
recording depended on the number of items to be 
recorded. If three items or more were to be recorded, 
the Esterline-Angus operation recorder with a spring- 
wound chart drive was used. If two items or less 
were to be recorded, an auxiliary chronograph pen was 
attached to the 1 ma recorder for each item. Capacitor- 
discharge circuits were used for operating the recorder 
relays.

Figure 14 shows the barge anchored in Boulder

FIGURE 14. Barge anchored in Boulder Basin of Lake Mead, with anemometers and thermocouple psychrometers at 2- and 8-meter levels.
Bureau of Reclamation.

Photograph by
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Basin. Dry- and wet-bulb temperatures were measured 
at 2 and 8 meters above the water surface. Water- 
surface temperatures were also recorded. Wind speeds 
at 2- and 8-meter levels and amounts of rainfall were 
recorded on an Esterline-Angus operation recorder. 
The barge was operated during the period February 22, 
1952, to October 1, 1953.

At a conference held in Boulder City, December 
8-12, 1952, it was recommended that a barge similar to 
the barge in Boulder Basin be installed in the Virgin 
Basin to determine whether there is a significant 
difference between wind speed, humidity, and water- 
surface temperatures in the two basins. It was placed 
in operation May 5, 1953. Wet- and dry-bulb tempera 
tures at the 2- and 8-meter levels and water-surface 
temperatures were recorded, as were water tempera 
tures at various depths. Wind speed was measured at 
2%- and 8%-meter levels and was registered on the 1 ma 
recorders by the addition of a chronograph pen for each 
anemometer.

The areal distribution of meteorological and lim- 
nological elements over the lake was determined by the 
use of three small raft stations. One raft was located 
5% miles south of the Overton boat anchorage, another 
in Boulder Wash at the west end of the Virgin Basin, 
and the third near the Temple Bar boat anchorage.

The rafts were identical in construction and instru 
mentation. In the original instrumentation program 
water-surface temperature, dry- and wet-bulb tempera 
tures measured at %, 1, and 2 meters above the water 
surface were recorded at each raft. After a few months 
of operation, measurements at the %- and 1-meter levels 
were discontinued when it was decided that there was 
no further need for them.

Because the rafts were small the amplifier did not 
operate satisfactorily in heavy seas, and for this reason 
the rafts were located in sheltered coves. Deep coves 
were selected to assure representative water-surface 
temperatures. The wind speed recorded at each raft 
was not believed to be representative of conditions 
over the open lake and was recorded simply because the 
equipment was available.

The Overton Arm raft was placed in operation on 
February 19, 1952, at a site well protected from a 
northerly wind, but unprotected from a southerly wind. 
When southerly winds of 10 knots or greater occurred 
the amplifier became inoperative, and all temperature 
records were unusable. The raft was operated at this 
location until a strong southerly wind caused it to 
break loose from its anchor on June 14, 1952. The raft 
was reanchored on June 24, 1952, in a well-protected 
cove 1 mile west of the previous location, and was 
operated at this site until July 6, 1953.

The Boulder Wash raft, which was placed in opera 
tion on February 19, 1952, was anchored in a narrow 
canyon with high rock walls on three sides. It was soon 
apparent that the recorded temperatures of water 
surface and ambient air were affected by radiation 
reflected from the canyon walls. A survey was made to 
obtain a new location for the station, but all available 
sites were unprotected from the wind, and the raft sta 
tion was finally discontinued on December 8, 1952.

The Temple Bar raft (see fig.. 15) was installed on 
February 22, 1952, and remained in operation until 
April 16, 1953, when it, broke loose from its anchor. 
On April 27, 1953, the raft was temporarily moored near 
the shore west of the previous location. On May 7, 
1953, the raft was anchored in the original location and 
it remained there until July 8, 1953.

PERFORMANCE AND MAINTENANCE OF EQUIPMENT 

ACCURACY INSPECTION

Periodic inspection of the equipment in the field was 
made to maintain prescribed accuracy requirements. 
The temperature and humidity data were checked 
weekly at all stations with a calibrated sling psychrom- 
eter. Daily inspection was made at Boulder Island 
during the summer of 1953. Daytime air temperatures 
obtained from sling-psychrometer readings were as 
much as 2.0°C higher than the recorded values although 
the wet-bulb depression was usually within 0.5°C. 
This discrepancy occurred most frequently on Boulder 
Island, where radiation from the rugged terrain ap 
parently influenced the sling-psychrometer readings. 
When sling-psychrometer readings were made near the 
U. S. Weather Bureau instrument shelter, they agreed 
better with the thermocouple-psychrometer record 
when the wind was from the south than from the north. 
Insufficient shielding of the sling psychrometer from the 
sun was also partly responsible for these discrepancies. 
At nearly all times the depression measured with the 
sling psychrometer was less than the recorded depres 
sion, which is considered good evidence of the reliability 
of the thermocouple psychrometer. Because the hu 
midity was usually very low, it was difficult to obtain 
the correct wet-bulb depression with a sling psychrom 
eter before the wick dried.

Each complete anemometer assembly was replaced 
and overhauled at intervals of about 30 days.

The thermocouple reference bath at each station was 
contained in a 1-gallon Dewar flask. It was of course 
essential that a temperature of 0°C be maintained at 
all times. At the stations that were visited only once 
a week, reference temperatures were in summer oc 
casionally found to be above 0°C, because most of the
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FIGURE 15. Raft moored near Temple Bar, at Lake Mead, with thermocouple psychrometers at H-, 1-, and 2-meter levels. Triangular float supports
water-surface thermocouple. Photograph by Bureau of Reclamation.

ice had melted. Whenever this occurred the Dewar 
flask was exchanged for one that had better insulating 
properties.

USABLE DATA

The stations in Boulder Basin were visited daily. 
Usually the remote CRT and raft stations were visited 
weekly but occasionally were visited twice a week to 
correct malfunctioning of the equipment. Table 3 
shows the percentage of usable data by energy-budget 
periods.

The stations visited weekly had a yield of usable 
data about the same as that obtained at Lake Hefner. 
The stations visited daily had an exceptionally high 
yield of usable data, reflecting the wealth of experience 
the maintenance crew had gained at Lake Hefner.

MAINTENANCE PROBLEMS

The thermocouple amplifier, the heart of each station, 
performed well. Each amplifier was taken from the 
station and overhauled. At each overhaul the ampli 
fier's optical system was realined and the tubes and 
exciter lamp replaced. Most amplifier malfunctioning 
was caused by tube or exciter lamp failures. In fairly

rough seas the amplifier would not operate satisfactorily 
on the small rafts and in extremely rough seas would 
not operate on the barge. A gimbal system for the 
amplifier was tried at all floating stations but little 
improvement was noted.

The Esterline-Angus recorders had a spring-wound 
chart drive. Most loss of record resulted from stopping 
of the chart drive or jamming of the paper on the drive 
sprockets.

The wet-bulb reservoirs for the thermocouples in 
Boulder Basin were filled about twice a week. Auxiliary 
reservoirs were installed at the outlying stations to keep 
the wet-bulb reservoirs from going dry between weekly 
visits. Very few data were lost owing to dry reservoirs, 
and none because of frozen reservoirs. During the first 
few months of operation several of the wet-bulb wicks 
were observed to be encrusted with salt. This was soon 
remedied by obtaining distilled water of better quality. 
Each time the reservoir was filled, the accumulated dust 
was removed from the wet thermocouple wick, and it 
was examined closely for any signs of salt crust. Wicks 
were frequently replaced.
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TABLE 3. Percentage of usable data for meteorological equipment, by energy-budget periods

Period

1952 
Mar. 12- Apr. 14.
Apr. 15- May 11
May 12-June 11 _____ _ ____ _ _ _ _
June 12- July 8 _ _

Aug. 6-Sept. 3_-______--__________________
Sept. 4-Oct. 2____________________________
Oct. 3-Nov. 5____ _ ___ ___ _______
Nov. 6-Dec. 2 ______________ __ _

1952-53 
Dec, 3- Jan. 8 __ __ _ ___ ___ ___ _ _____

1953 
Jan. 9-Feb. 2__ ____ ___ _________
Feb. 3- Mar. 2______________ _ ___________
Mar. 3-31 ________________________________
Apr. l-27____ _______________ ____________
Apr. 28- May 27 _ _ __ _ ____
May 28- June 29. ___ _______
June 30-July 29__ ______________ _ _______
July 30- Aug. 26_______________ _ ___ _____
Aug. 27-Sept. 28 _ __ ___ ___ _ _ ____ _

Usable temperature data

Boulder Basin 
barge

84 
88 
96 
85 

100 
100 
96 
94 

100

90

100
97 
95 
97 
87 
85 
72 
86 
70

Virgin Basin 
barge

37 
64 
74 
96 
90

Overton Arm 
raft

67 
74 
51 
78 
96 

100 
93 

100 
100

85

60 
70 
75 
85 
90 
79

Temple Bar 
raft

97 
96 
73 
86 

100 
89 
63 

100 
82

92

100
83 
76 
52 
66 
62

Usable wind data

Boulder Basin 
barge

100 
88 

100 
100 
94 
98 
94 

100 
98

100

91 
100 
100 
89 

100 
99 
93 

100 
97

Virgin Basin 
barge

19 
30
80 
88 
72

The insect screens installed at Lake Hefner were re 
moved for better ventilation. Close examination of the 
trace recorded during periods of very light wind indi 
cated that the wet-bulb wick was not ventilated suffi 
ciently, and the recorded wet-bulb temperature was in 
error. Insufficient ventilation occurred for periods of 
only a few hours and at infrequent intervals.

No trouble was encountered with the lake-surface 
thermocouple assembly. The only maintenance re 
quired was to remove algae from the thermocouple.

SUMMARY OF INSTRUMENTATION AND METHODS

In the original instrumentation program for Lake 
Mead, all requirements could not be anticipated. As 
the investigation proceeded, unnecessary instrumentation 
was discontinued and other instrumentation added 
when certain meteorological and limnological data were 
deemed important in the computations.

The equipment performed exceptionally well in the 
dry climate at Lake Mead, but most of the credit should 
go to the maintenance crew. The climate also intro 
duced new maintenance problems, but these were soon 
solved with a minimum loss of record.

It was unfortunately necessary during the first 8 
months of operation to change frequently the bathy 
thermographs used in making temperature profiles. 
Other thaji this, the bathythermograph apparently pro 
vided water-temperature data of the accuracy expected.

Discrepancies between temperatures measured with 
the thermocouple psychrometer and the sling psychrom-

eter were greater than those observed at Lake Hefner. 
This was especially true of the observations made on 
Boulder Island, owing in part to low humidity and in 
adequate shielding. The thermocouple psychrometer 
usually indicated a depression the same as or greater 
than, the sling psychrometer. Because a wet-bulb de 
pression that is too large cannot easily be explained, 
the thermocouple psychrometer was believed to be more 
accurate in general than the sling psychrometer.

The check calibration of the pyrheliometer after 3 
years of use indicated no noticeable change in calibra 
tion. The calibration of the flat-plate radiometer was 
not checked, but comparisons with the CRI at Lake 
Hefner and Lake Mead indicated no noticeable change
with time.

ENERGY-BUDGET STUDIES

By GORDON E. KOBERG, U. S. Geological Survey

The energy budget for a reservoir may be expressed 
as follows:

Qs-Qr+Qa-Qar-Q»s+Q,-Qe-Q»-Qw =Q» (i)
in which Qs = solar radiation incident to the water

surface
Qr = reflected solar radiation 
Qa = incoming long-wave radiation from the

atmosphere
Qar = reflected long-wave radiation 
Qj,s = long-wave radiation emitted by the body

of water
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Qe = energy utilized by evaporation
Qh = energy conducted from the body of water

as sensible heat 
Qv =net energy advected into the body of

water 
Qw = energy advected by the evaporated

water 
Qd = increase in energy stored in the body of

water
Conduction of energy through the bottom, heating 

due to chemical and biological processes, and trans 
formation of kinetic energy into thermal energy are 
neglected because of their small magnitude. For an 
excellent discussion of each term in equation 1, the 
reader is referred to the report tjy E. R. Anderson 
(1954, p. 74-110).

For computational purposes, use is made of the fol 
lowing relations:

Qe =Pe EL; Q»=RQt ; and Qw =Pec E (T.-T*)

in which pe = density of evaporated water 
L= latent heat of vaporization 
R=ihe Bowen ratio 
c=specific heat of water 

Te = temperature of evaporated water 
Tb = arbitrary base temperature

Substituting the above in equation 1, results in the 
following:

E=
Pe[L(l+R)+c(T.-Tj] (2)

The value of T6 , the base temperature, is immaterial 
provided that the same base temperature is used in 
computing Qs and Qtl, and provided further that a 
balanced water budget is used in making the computa 
tions. For computational purposes each of the items 
is expressed on a unit-area, unit-time basis.

The method of determining each of the quantities in 
equation 1 is described in the sections that follow.

SOLAR RADIATION

The data on solar radiation (Qs) were processed by 
drawing a smooth curve connecting the intermittent 
periods of record resulting from the sequential system 
of recording. During periods of broken cloud cover, 
when solar radiation is extremely variable, the inter 
polated portions of the record are subject to error, but 
the errors are believed to be random and, for periods 
of a month, insignificant in amount. A comparison 
with a continuous record, obtained on the shore of 
Lake Mead for a short period, indicates this to be true.

Periods of missing data were estimated on the basis

of data recorded previous to and succeeding th°, missing 
period, and on records obtained at the Las Vegas 
airport. The amount of missing data seldom exceeded 
5 percent (see table 2) in any one energy-budget period 
(the period between thermal surveys of the Ir.ke), and 
the error so introduced is small for any such period.

Mean values of solar radiation were computed for 
hourly periods and totaled to obtain figures of daily 
solar radiation from February 23, 1952, through 
September 30, 1953.

REFLECTED SOLAR RADIATION

Reflected solar radiation (Q r) was determined in 
directly from the measured solar radiation. Empirical 
reflectivity curves, which give the ratio of reflected to 
incident solar radiation as a function of sun altitude for 
various conditions of cloud cover, were deveT oped by 
E. R. Anderson during the Lake Hefner studies.

Hourly observations of type and amount of cloud 
cover were furnished by the U. S. Weather Bureau at 
the Las Vegas airport. Cloud conditions at the Las 
Vegas airport are believed to be representative of the 
Lake Mead area also, at least for periods of 30 days or so. 
Sun altitude was computed for each hour by means of 
an ephemeris.

Reflectivity was computed for each hourly period 
and then multiplied by mean hourly solar radiation to 
obtain reflected solar radiation.

ATMOSPHERIC RADIATION

Long-wave radiation from the atmosphere (Qa) was 
measured directly during the night using the Gier and 
Dunkle flat-plate radiometer. Theoretically, during 
the day it could be evaluated indirectly, u^ing the 
radiometer for measuring both the solar anc1 atmos 
pheric radiation and the Eppley pyrheliom eter for 
measuring only the solar radiation, the difference 
between the two being the atmospheric radiation. 
However, as at Lake Hefner, where the same instru 
ments and computational procedure were used, it was 
noted that atmospheric radiation at Lake Mead ap 
parently began to decrease at sunrise, reached a mini 
mum about solar noon, and increased again until 
sunset. Because this appeared improbable, the day 
time values were again interpolated between tl °, night- 
time values. In the absence of informatior to the 
contrary, instrumental deficiencies of this type of 
instrument are considered to be responsible for the 
indicated decrease in daytime atmospheric radiation. 
The reflectivity of the black paint on the radiometer 
may not be the same for all wave lengths, and it may 
not be completely independent of sun altitude.

The data were processed by drawing a smooth curve 
through the intermittent record. Daytime mean values
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were computed for each hourly period. During the 
night, mean values were computed for the approximate 
periods sunset to midnight and midnight to sunrise.

For periods of missing data an estimate was made on 
the basis of data recorded before and after the missing 
period and partly on the basis of air temperatures dur 
ing the missing period. The amount of missing data 
seldom exceeded 10 percent in any one energy-budget 
period (see table 2). For this reason and also because 
the day-to-day variation in atmospheric radiation is 
small, the error introduced is believed to be of little 
consequence.

Daytime interpolated values and mean nighttime 
values were used in the total daily atmospheric radiation 
computations for the period February 23, 1952, through 
September 30, 1953.

REFLECTED ATMOSPHERIC RADIATION

The reflectivity of a water surface for atmospheric 
radiation is about 0.030 for source temperatures be 
tween 0°C and 30 °C as shown by measurements made 
by Gier and Dunkle (U. S. Geol. Survey, 1954a, p. 
96-98). Reflected atmospheric radiation (Qar) was 
computed by multiplying atmospheric radiation by this 
reflectivity.

Daily values of reflected solar radiation were com 
puted from February 23, 1952, through September 30, 
1953.

RADIATION FROM THE LAKE

Long-wave radiation emitted from the lake ($6s) was 
computed according to the Stefan-Boltzman law for 
black-body radiation, with an emissivity factor of 
0.970 for water as determined by Gier and Dunkle 
(U. S. Geol. Survey, 1954a, p. 96-98).

Daily computations of long-wave radiation emitted 
from the lake were not made. An average value for 
the energy-budget period was obtained by using an 
average water-surface temperature of the lake for that 
period. The variation of long-wave radiation with 
temperature is nearly linear over the range in water- 
surface temperatures experienced in any one period.

The average lake-surface temperature used in com 
puting radiation from the lake was obtained by weight 
ing the surface temperatures recorded at Boulder Basin 
and Virgin Basin barges, and Overtoil Arm and Temple 
Bar rafts, according to the area represented. For the 
period March 12, 1952, through April 27, 1953, the 
Boulder Basin barge represented both the Boulder and 
Virgin Basins (basins 1 and 2, fig. 1); for the same pe 
riod the Overton Arm raft represented the Overtoil 
Arm area (basin 8), and Temple Bar raft represented 
the upper basins (basins 3-7). From April 28, 1953, 
through June 29, 1953, the Boulder Basin barge repre 
sented only the Boulder Basin, the Virgin Basin barge

represented the Virgin Basin, and Overtoil Arm and 
Temple Bar rafts represented the same basins as before. 
For the period June 29, 1953, through September 28, 
1953, the average lake-surface temperature was ob 
tained by averaging Boulder Basin and Virgin Basin 
barge records.

For each energy-budget period comparison was made 
of the differences between the average weighted water- 
surface temperature of the lake and the various average 
water-surface temperatures recorded at the barge and 
raft stations. The greatest difference was only 1.3°C. 
The greatest difference between temperature at the 
Boulder Basin barge and the weighted mean tempera 
ture of the lake was 0.6°C, which is not particularly 
surprising in view of the fact that the Boulder Basin 
temperature was perforce weighted rather heavily in 
determining the mean temperature for the lake. Ob 
servations at the Virgin Basin barge and the two raft 
stations indicate that the areal temperature variation is 
not great and that a single measurement in Boulder 
Basin should give a reasonable figure for the entire 
lake, at least for periods of a month in length.

BOWEN RATIO

The Bowen ratio, which has been widely used as a 
measure of the ratio of the energy conducted to or from 
the lake as sensible heat to the energy utilized for 
evaporation, is expressed as follows:

R=-Y (T0-Ta)P 
(e0 -ea) 1,000 (3)

According to Bowen (1926) the value of the coefficient 
7 in the above equation varies between 0.58 and 0.66 
but has a most probable value of 0.61.

Computing Bowen ratios for Lake Mead, T2 and e2 
were used for Ta and e a , respectively. For each raft 
or barge station the variables were averaged by periods 
and were weighted by area to obtain an average T2 ,T0 , 
and e-2 for the lake.

The term e0 was obtained from the average T0 for the 
lake. This method introduces a slight error because 
the relation between temperature and saturation vapor 
pressure is not linear. A study of selected periods 
indicated that the error was always less than 0.5 millibar 
and generally about 0.2 millibar, which is equivalent to 
an error of less than 2 percent in the average vapor- 
pressure difference.

For each period Bowen ratios were computed for 
each barge and raft station and compared with the 
ratio used for the lake. The maximum deviation from 
the Bowen ratio for the entire lake was 0.079 (equivalent 
to approximately 8 percent in computed evaporation), 
which indicates that the variation in the Bowen ratio 
from one basin to another is not great.
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It has long been a moot question as to the place and 
height at which air temperature and humidity measure 
ments for the Bowen ratio should be made. To 
investigate the effect on evaporation of the choice of 
place,and height at which these variables are measured, 
;a study was made using air temperature and humidity 
measured as follows: (1) At the 2-meter level over Lake 
Mead (R2 ) ; (2) At the 8-meter level over Lake Mead 
(Rs)] (3) At the Weather Bureau station at the Las 
Vegas airport (Rv).

Temperature and humidity measured at Las Vegas 
are assumed to be representative of unmodified air in 
the Lake Mead area. It was necessary to adjust the 
observed ah- temperatures at Las Vegas for the differ 
ence in elevation between the airport and Lake Mead, 
which is about 1,000 feet. The average difference 
between air temperature at Lake Mead and at the Las 
Vegas airport is 1.9°C, which agrees closely with 
the temperature lapse rate of 0.65°C per 100 meters 
of the U. S. Standard Atmosphere. Observed air tem 
peratures at Las Vegas were therefore adjusted by 
adding 1.9°C. The change in vapor pressure with 
elevation was considered negligible.

Evaporation from Lake Mead was computed for all 
energy-budget periods using equation 2, using the same 
data for all variables except R. The results are given 
in table 4, which shows that for the entire 19 periods 
evaporation computed using Rv is 0.6 percent less than, 
and evaporation computed using R$ is 1.6 percent 
greater than, evaporation computed using R2 . Com 
puted figures of evaporation for individual periods also 
agree well, the maximum difference being approxi 
mately 7 percent. Figures obtained using Rs are 
generally slightly greater than those obtained using R2 , 
for no apparent reason, but the deviations between 
figures obtained using Rv and R2 appear to be random. 
No seasonal variation is apparent.

Although the finding that it makes little difference 
where air temperature and humidity are measured, 
insofar as the effect on evaporation is concerned, is of 
considerable practical value, the theoretical implica 
tions should not go unnoticed. The quantity 0.61 
(T0 Ta)/(eo ea) in the expression for the Bowen 
ratio must therefore be invariant with height. The 
limiting values of the coefficient 0.61 as given by Bowen 
are 0.58 and 0.66, but he does not suggest that its value 
varies with height. If the coefficient 0.61 is assumed 
to be constant, it must follow that the variation of 
both temperature and humidity with height is the same. 
It is not implied that this relation holds for short 
periods of time, but for periods of about a month the 
foregoing analysis indicates that it is valid.

TABLE 4. Effect on computed evaporation from Lake Mead of 
using Bowen ratios based on measurements at different heights 
over the lake and at Las Vegas

Period

1952

Mar. 12- Apr. 14._._ 
Apr. 15- May 11
May 12- June ll_-__ 
June 12- July 8______

Aug. 6-Sept. 3______
Sept. 4-Oct. 2_______
Oct. 3-Nov. 5 _-__
Nov. 6-Dec. 2______

1952-1953 

Dec. 3- Jan. 8_ ______

1953 

Jan. 9-Feb. 2__ __..
Feb. 3-Mar. 2__.___
Mar. 3-Mar. 31-____
Apr. 1-Apr. 27 __ _
Apr. 28- May 27 _
May 28- June 29___._
June 30- July 29____-
July 30- Aug. 26_____
Aug. 27-Sept. 28____ 

Total ______

Evaporation, in inches, using indicated temperature 
and humidity data for computing Bowsn ratio

2-meter level 
Lake Mead 

(ft.)

6. 22 
4.34 
9.80 
9.95 
8.72 
9.84 
6. 72 
6. 33 
8.89

6.09

3. 25 
5. 48 
4. 88 
4. 48 
8. 74 
9. 17 
8. 12 
8.43 

10. 68

140. 13

Las Vegas 
Airport 

(ft.)

6.32 
4. 41 
9. 74 
9. 25
8. 68 
9. 84 
6.78 
6. 45
8.72

6.09

3. 46 
5.68 
4. 93 
4. 29 
8.36 
8. 91 
8.24 
8.42 

10.67

139. 24

8-m?ter level 
LaVe Mead 

(fts)

6. 34 
4. 45 
9. 92 
9.81 
8.85 

10.07 
6. 82 
6. 40 
8.89

6. 13

3. 33 
5. 57 
5. 11
4. 66 
8,81 
9.33 
8. 39 
8. 65 

10.84

142. 37

ADVECTED ENERGY

Advected energy (Qv) is defined as the net energy 
gained by a body of water as a result of volumes of 
water entering or leaving the lake. It includes surface 
and subsurface inflow and outflow, and rainfall on the 
lake surface. The main problem in computing energy 
advected into or out of Lake Mead is that little is 
known concerning the volume or temperature of bank 
storage losses or gains for short periods of time,. Un 
measured surface inflow can be estimated with good 
accuracy.

The inflow-outflow-change-in-storage, or water-bud 
get equation, for Lake Mead contains three unknowns: 
evaporation, unmeasured surface inflow, and changes 
in bank storage or unmeasured ground-water inflow. 
If changes in bank storage and unmeasured surface 
inflow are combined and called unmeasured inf ow, we 
have but two unknowns. Similarly, in equation 1, 
all items can be measured except Qe, Qh and QW) and 
the portion of Qv attributable to unmeasured inflow. 
Both the temperature and volume of the energy ad 
vected by unmeasured inflow are unknown. Qe , Qh, 
and Qw can be computed if the volume of evaporation

419661 O -58 -3
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is known; and if the temperature of the unmeasured 
inflow can be determined, two equations can be written 
(the energy-budget equation and the water-budget 
equation), each of which has only two unknowns. The 
system is therefore solvable, depending only on a de 
termination of the temperature of the unmeasured in 
flow, which includes both surface inflow and changes in 
bank storage.

With little error, the temperature of the unmeasured 
surface inflow can be considered to be the same as that 
of the measured surface inflow. The temperature of 
water going into bank storage is not known but is con 
sidered to be about equal to the inflow temperature, 
as it is believed that most large increases in bank 
storage result from the flooding of peripheral sediment 
deposits, in which case the assumption appears reason 
able. This usually occurs in late spring and summer, 
which is the'period of high inflow. Water is withdrawn 
from bank storage during the fall, winter, and early 
spring, the period of low inflow. During the time the 
water remains hi bank storage it is presumably cooled 
and its energy is gradually released to the reservoir, 
where its effect is taken into account by the thermal 
surveys. The assumption that the temperature of 
water released from bank storage is also equal to the 
inflow temperature is probably not greatly in error, 
for, at the time the water is being released, inflow 
temperatures are considerably lower than during the 
period of high inflow. The procedure is admittedly 
subject to error, but on an annual basis the average 
change in bank storage is estimated to be less than 3 
percent of the inflow (though a substantially greater 
proportion of the average annual change in water 
storage), and the entire advected energy term is not a 
major item in the annual energy budget.

Although direct solution of the two simultaneous 
equations (energy and water budget) is possible, it is 
much simpler to use a successive approximation 
technique. A preliminary estimate of evaporation was 
used in the water-budget equation to compute the 
unmeasured inflow. This, in conjunction with.figures 
of measured inflow and outflow, was used to determine 
Qv in the energy-budget equation. Evaporation was 
then computed using the energy-budget equation, and 
the entire process repeated if necessary. Usually little 
difficulty was experienced in obtaining a rapid con 
vergence.

A rough check of the computed value of total un 
measured inflow was available, for the unmeasured 
surface inflow could be estimated quite reliably, as 
explained in the section on inflow. It might thereby be 
concluded that it would be possible to determine changes 
in bank storage for monthly periods. Such is not the 
case, however, for the indicated changes in bank stor

age are generally not large compared with other items 
in the water budget. Moreover, with this method of 
computation all errors in measured inflow, outflow, and 
change in reservoir storage are thrown into the estimate 
of unmeasured inflow; any further computations based 
thereon are not reliable.

The various methods of determining inflow, outflow, 
change in storage, and rainfall are described in the 
section on instrumentation. The temperatures of these 
various items were computed in the following manner. 
The temperature of total inflow was assumed to equal 
the temperature observed daily at the Grand Canyon 
gaging station, plus a correction based on monthly 
observations of inflow temperature at the convergence. 
The temperature observed at the convergence was 
compared with the temperature observed at the Grand 
Canyon gaging station, with the time lag taken into 
account. The correction varied from 0°F during 
periods of high inflow in the spring to a maximum of 
7 °F during periods of low inflow in the winter. Obser 
vations of outflow temperatures were made daily in the 
tailrace by Bureau of Reclamation employees. A con 
stant correction of   2°F was appliei to all daily 
observations as found by Anderson and Pritchard (1951, 
p. 39). Rainfall temperatures were assumed to equal 
the wet-bulb temperature at the time the rain was 
falling, on the basis of data obtained at Lake Hefner 
(Harbeck, 1954, p. 123). Figure 16 shows the monthly 
average inflow temperatures at the convergence, and, 
the outflow temperatures below Hoover Dam. The 
gates at elevation 900 feet were used for all reservoir 
releases except during the period June to November 
1952, when the gates at elevation 1,050 feet were used.
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FIGURE 16. Monthly average inflow temperature at the convergence of muddy 
Colorado Elver and Lake Mead waters, and average outflow temperature below 
Hoover Dam at Lake Mead.
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Advected energy was computed for weekly periods 
and for the periods between thermal surveys. Density 
and specific heat were assumed constant for all compu 
tations. Figure 17 shows the variation in advected 
energy at Lake Mead.
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FIGURE 17. Variation in advected energy at Lake Mead. Base temperature is 0°C.

ENERGY STORAGE

Energy storage (Qtf) in Lake ML A was computed 
from thermal profiles of the lake taken once each month 
at 30 stations located throughout the area of the lake. 
The location of the stations was selected on the basis 
of the previous study by Anderson and Pritchard (1951).

During the spring, summer, and fall, the thermal 
surveys were made during the early morning hours, 
when the surface temperature was most nearly constant. 
For navigational purposes, the preferred time for these 
observations was during a full phase of the moon. 
In winter the diurnal variation in surface temperature 
was insignificant, and observations were made during 
the day.

The lake-temperature profiles, recorded on smoked 
slides, were replotted on graph paper. The observed 
lake-surface temperature at the time the profile was 
taken was used to calibrate the profile at the surface. 
Below the surface the temperature profile was divided 
into 5-meter layers and mean temperatures computed
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FIGURE 18. Variation in energy storage in Lake Mead. Base temperature is 0°O.

for each layer. For each thermal survey the computed 
temperatures in the same layer were averaged to obtain 
the mean. The energy content in each layer wa^ com 
puted, using the mean temperature and area fcr each 
5-meter layer, and all were summed to obtain the total 
energy content above an arbitary base temperature of 
0°C. Because the change in energy storage, rather 
than the energy storage itself, is used in computing 
evaporation, the choice of base temperature was im 
material. Density and specific heat were considered 
constant. Figure 18 shows the variation in energy 
storage by energy-budget periods.

Weekly temperature profiles were taken at two repre 
sentative thermal survey stations. Evaporation was 
computed on a weekly basis using these two profiles 
for computing changes in energy storage. During the 
period when BT 8117 and BT 7309A were tied together 
and lowered simultaneously, energy storage for the lake 
was computed from the profile given by each IT and 
evaporation computed from the indicated change in 
energy storage. Table 5 shows a comparison of the 
results; all parameters are the same except change in 
energy storage. The weekly results vary considerably 
at times, and for this reason determinations of evapora 
tion for weekly periods by the energy-budget method 
are not too reliable, at least at Lake Mead, because of 
the relatively great importance of the change-in- 
energy-storage item. However, the effect of the use of 
two different BT's is significant for the regular energy- 
budget periods of approximately a month in length for 
which changes in energy storage were computed from
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the 30-station surveys, as shown in table 6, which indi 
cates that the two bathythermographs gave consistent 
results. The discrepancy between the weekly results 
shown in table 4 is presumably due to the fact that only 
two stations were used, and that transitory small-scale 
anomalies in thermally induced circulation patterns 
were responsible.

TABLE 5. Evaporation from Lake Mead for indicated periods of 
about one week, with changes in energy storage as determined from 
temperature profiles using different bathythermographs

Period

1953 

Jan. 9- Jan. 14 __ _
Jan. 15- Jan. 21 __
Jan. 22- Jan. 28__ ___ ___________
Jan. 29-Feb. 2 ________________
Feb. 3-Feb. 12______ __ __
Feb. 13-Feb. 19__.______________
Feb. 20-Feb. 24_________________
Feb. 25-Mar. 2__________________
Mar. 3-Mar. !!______ ___
Mar. 12-Mar. 18_. _
Mar. 19- Mar. 25_ _______ _______
Mar. 26-Mar. 31--_. _______ __
Apr. 1-Apr. 8___ _
Apr. 9- Apr. 15 ___
Apr. 16- Apr. 22_____
Apr. 23-Apr. 27___ _ ___________
Apr. 28-May 13__ _______ ___
May 14- May 21 _ _ ____
May 22- May 27 _ _

B athy thermograph

No. 8117 
(inches)

0.34 
1.22 
1.08 
.28 

2.08 
.82 

-.05 
2.75 
1.46 
.62 

1. 79 
1.37 
2.42 

. 65 
1. 80 
1. 13 
4. 55 
1.73 
3. 13

No. 7309A 
(inches)

1.25 
1.05 
1.26 
.04 

1.39 
1.32 

-.08 
2. 88 
1. 83 
.20 

1. 71 
1.09 
2.33 
1. 03 
1.34 
1.00 
5. 13 

. 88 
3.26

TABLE 6.   Evaporation from Lake Mead for indicated periods of 
approximately one month, with changes in energy storage as 
determined from temperature profiles using different bathy 
thermographs

Period

1953 

January 9-Februarv 2____ _ ____
February 3-March *2 __________
March 3 -March 31 _ _ _ _____
April 1-April 27__ __ ___
April 28-May 27 __ __

No. 8117 
(inches)

3.02
5.47
5.39
4 57
Q CO

No. 7309A 
(inches)

3.25
5.48
4.88
4.48
8.74

Bathythermograph

Daily changes in energy storage were computed, 
using the continuous records of the variation of tem 
perature with depth obtained at the two barges. The 
daily figures also proved to be unreliable and incon 
sistent and were therefore discarded.

PERFORMANCE OF CUMMINGS RADIATION 
INTEGRATORS

As described in the section on instrumentation, three 
GUI's were installed at Lake Mead. One was placed 
on Boulder Island, to obtain a direct comparison
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FIGURE 19. Comparison between net incoming radiation for energy-budget periods 
as measured by the Boulder Island Cummings radiation integrator and by the 
flat-plate radiometer and pyrheliometer.

between net incoming radiation as measured with the 
CRI and as measured with the Gier and Dunkle flat- 
plate radiometer and the Eppley pyrheliometer. Two 
other CRI's were located at Overton Arm and at 
Bonelli Landing to determine the areal variation, if 
any, in radiation in the Lake Mead area.

The comparison between net radiation as measured 
at Boulder Island using the conventional radiation 
instruments and using the CRI is shown in figure 19. 
The correlation is excellent, the marimum deviation 
being approximately 5 percent, but a slight seasonal bias 
is evident. The CRI apparently gives results that are 
consistently a little too great in the summer and a little 
too small in the winter. No logical reason for this 
discrepancy could be found, but it was considered 
likely that it resulted in part from the exchange in 
energy between the water surface and the overhanging 
rim of the CRI, in part from the seasonal variation in 
the amount of water-surface area exposed to the direct 
rays of the sun, and in part from the l : mitations of the 
flat-plate radiometer.

The overhanging rim was originally designed to 
minimize the seasonal variation in water-surface area 
exposed to direct solar radiation. The problem of rim- 
water energy exchange was soon recognized. Using 
measurements of rim and water-surface temperatures, 
it was possible to compute the energy interchange, but 
the results were known to be subject to error because 
of uncertainties as to the emissivity of the underside 
of the rim and as to the accuracy of a determination of
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rim temperature from measurement at only one point.
In an attempt to determine the effect of the over 

hanging rim, it was removed from the Boulder Island 
CRI on February 25, 1953. Results obtained during 
the remainder of the project, as shown in figure 19, 
indicate that the removal of the rim had little effect, 
if any, during the summer months but may have a 
pronounced effect during the rest of the year, if the 
trend indicated by the two lowest measurements is 
borne out by data that may be obtained in the future.

It would appear preferable to design a CRI in which 
the water surface is at the same level as the rim, thus 
completely avoiding the rim-water energy exchange 
and the seasonal variation in the area of water surface 
exposed to solar radiation. There is also no theoretical 
reason why the CRI need be so large. The practical 
problems connected with the complete elimination of 
the overhanging rim, such as the prevention of overflow 
as a result of precipitation, the maintenance of a 
constant water level, and the prevention of "splash 
out" from wind, have not yet been solved but do not 
appear insurmountable.

The absence of areal variation in net incoming radia 
tion is illustrated in figures 20 and 21, which show the 
relation between radiation as measured by the Boulder 
Island CRI and the Overtoil Arm and Bonelli Landing 
CRI's. For comparative purposes, data obtained from 
the Boulder Island CRI were used in preference to 
those from the pyrheliometer and radiometer at the 
same station, in order to eliminate the possible obscura 
tion of areal variation by differences in instrumentation. 
During the summer months the Bonelli and Overton 
CRI data agree better with data from the conventional 
radiation equipment at Boulder Island than do the 
Boulder Island CRI data.

During the period March 12, 1952, to March 2, 1953, 
records from all these CRI's and the radiation equip 
ment are available for comparison. Records obtained 
after that date were not used, in order to eliminate 
any possible bias resulting from the removal of the 
rim on the Boulder Island CRI in late February 1953. 
For that period average daily net incoming radiation 
measured by the four sets of equipment was as follows:

Calories 
per sq cm 
per day

Boulder Island radiation equipment-_______________ 1,155
Boulder Island CRI.___________________________ 1,160
Bonelli Landing CRI -------------------_----- 1,133
Overton Arm CRI__----_--------_--.-.-_____---_ 1,134

Since the Bonelli and Overton results differ by only 2 
percent from the mean Boulder Island data, there 
appears to be no basis to conclude that there is a 
significant areal variation in radiation over the Lake 
Mead area.
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SUMMARY OF MEASUREMENTS OF ENERGY-BUDGET
TERMS

The method of measuring or computing each term in 
the energy-budget equation has been discussed in the 
preceding sections. Little has been said, however, of 
their relative magnitudes, the seasonal variation there 
in, or of the effects of enors in individual termi upon 
the resultant computed figures of evaporation.
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Of the terms in the energy-budget equation, solar and 
atmospheric radiation and the reflected portions thereof, 
are almost completely independent of the physical 
characteristics of a reservoir. Radiation from the 
water surface, advected energy, and change in energy 
storage depend to some extent 011 certain hydrologic 
characteristics of a reservoir, including its thermal 
structure, the relation between inflow, outflow, and 
capacity, and its operating regimen. The remaining 
terms, which are the quantities of energy utilized for 
evaporation, conducted to the atmosphere, and carried 
away by the evaporated water, depend on both net 
incoming radiation and reservoir characteristics.

In table 7 are shown average values of each term 
for energy-budget periods of approximately one month 
in length. The magnitudes of the radiation terms 
Qs, Qr, Qa, and QaT , are representative of the arid 
region in which Lake Mead is located. When more is 
known of the areal variation in Qa, the atmospheric 
radiation, perhaps reasonable advance estimates can 
be made of the sum of these four items at any proposed 
reservoir site.

Average daily values of each of the items given in 
table 6 were computed for the period July 9, 1952, to 
June 29, 1953, which is approximately a year, and are 
given with comparable values for Lake Hefner in table 8. 
For all items except advected energ7 and change in 
energy storage, the variation between the two lakes is 
about as might be expected as a result of the difference 
in climate. Advected energy, Qs, and change in energy 
storage, Q#, for Lake Hefner are representative of 
average annual values, but for Lake Mead are not. 
For a period of many years the average annual change 
in water storage in Lake Mead would be zero. The 
average annual change in energy storage would also be 
zero, since there is no reason to anticipate a change in 
the average annual water temperature. The figure of 
 4 calories per square centimeter per day for Qv 
indicates a net loss of energy from the lake, which is 
impossible over a long period, as inflow volumes exceed 
outflow volumes and inflow temperatures exceed out 
flow temperatures. The term QV  Q# is, however, fairly 
independent of annual operations and should be repre 
sentative of an average year. The figure of 52 calories

TABLE 7. Average values, by periods, for terms in the energy budget, for Lake Mead 

[In calories per square centimeter per day]

Period

1952 

Mar. 12-Apr. 14_ ______ _ __
Apr. 15-May 11 ____ _ _ ____
May 12-June 11 _ __ _ __ _
June 12-July 8 _ ___ _ _ _-__ _

Aug. 6-Sept. 3_____- _ _____
Sept. 4-Oct. 2 ________ _ _ _ __
Oct. 3-Nov. 5__._ _ _____ _ _ __
Nov. 6-Dec. 2__ _ ___ _ ____

1952-1953 

Dec. 3-Jan. 8_ ________________

1953 

Jan. 9-Feb. 2. _ _____ ___ ____
Feb. 3-Mar. 2_ _ ___ _ _____
Mar. 3-Mar. 31_____ ______ _ _
Apr. 1-Apr. 27__ _ _
Apr. 28-May 27_ __ _ ______ _
May 28- June 29_____ _ __
June 30-July 29 _ ___ _ __ __ __
July 30-Aug. 26. ____ _ _ _ __
Aug. 27-Sept. 28 _ _ __ ________

Q.

560
627
735
724
695
635
502
420
283

237

304
398
533
597
719
762
650
612
587

Qr

40
41
47
45
43
42
36
35
28

26

30
34
39
39
44
46
38
38
42

Q«

633
699
749
817
842
864
769
674
623

618

621
596
643
680
648
731
858
832
761

Qor

15
20
24
29
29
29
26
17
14

14

14
14
16
19
16
24
28
27
26

Qb,

769
823
871
894
943
946
923
893
830

788

770
760
770
797
813
861
930
942
930

<?.

-26
471
636
542
103

4
-67
-106
-135

-106

-86
-83
-51
-26

15
446
161
74

-19

<?.

273
239
468
545
459
500
342
275
490

245

194
293
251
247
434
412
400
444
477

Qh

-34
-36
-63
-86
-50
-56
-8
+ 14
+ 129

+ 68

+ 23
+ 37
-29
-34
-69
-86
-61
-43
-19

<?»

6
7

18
23
23
25
16
12
16

6

4
6
6
7

13
15
19
22
23

Q»

98
703
755
633
193
17

-131
-258
-736

-398

-196
-233

72
176
131
667
315
88

-150

TABLE 8. Average daily values of terms in energy-budget equation, Lake Mead and Lake Hefner

[In calories per square centimeter per day]

Lake Hefner ____ _ ___

Q.

506
420

Qr

37
26

Qa

692
638

Q.,

Ofl

1Q

Qb.

84.9
781

Q,

-4
2

Q.

344
222

Qh

-5
8

<? 

12
6

Q»

-56
-2

Q,-Q#

52
4
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per square centimeter per day for Lake Mead compared 
with 4 for Lake Heftier is quite significant. For Lake 
Heftier, as for most lakes, it indicates a general balance 
between heat imported, exported, and stored in water. 
For Lake Mead it indicates a general excess of heat 
imports, which contributes to increased evaporation 
from the reservoir.

EFFECT OF ERRORS IN EVALUATING ENERGY- 
BUDGET ITEMS

The accuracy with which each term in the energy- 
budget equation can be evaluated depends on the in 
herent accuracy of the measuring equipment and the 
completeness of the record. Some items, such as solar 
radiation, are measured with an instrument whose out 
put can be made to provide a record of the quantity 
sought. Other items, such as advected energy, must 
be computed from measurements of other parameters.

A simple calibration is all that is needed to determine 
the accuracy of certain measuring and recording instru 
ments. Many other types of measurements cannot be 
checked by direct calibration procedures, and it may 
be necessary to estimate their accuracy on the basis of 
previous experimental verifications of the techniques 
used, as with the measurements of inflow and outflow.

Loss of record also affects the accuracy of the deter 
mination of the average value of any item for a specified 
period of time. In many instances it was necessary to 
make interpolations or estimates for short periods of 
missing record, which obviously affects the accuracy of 
the average for the entire period.

Table 9 was prepared to indicate the limits of error 
of the measurement of each term in the energy-budget 
equation, and the effect on computed evaporation. 
The estimated maximum likely errors shown include 
both calibration errors and those resulting from missing 
record.

Statistically, if the indicated errors are combined by 
adding the individual variances, the estimated maxi 
mum error of computed monthly evaporation is about 
10 percent in summer and 13 percent in winter. It 
should be remembered that these are estimated to be 
the maximum likely error, and the error in most monthly 
figures is believed to be substantially less. On an an 
nual basis the error should be considerably less than 
10 percent because the percentage of error in evaluating 
the change in energy in the reservoir decreases markedly 
as the length of period increases.

On the basis of the figures shown in table 9 it is evi 
dent that for the purpose of determining evaporation, 
certain measurements must be made with as great 
accuracy as possible, but others need not be. For 
example, at Lake Mead, water temperatures must be 
measured quite accurately and many profiles taken in

TABLE 9. Estimated maximum error in each energy-budget term 
and the resultant error in computed monthly evaporation from 
Lake Mead

Term

Q,--.-__-_
Qr------

Q a
Q ar -  
Q t.-_    

<?,_____-__

<?»___    _

« _.__.._._

Qa___._____

Estimated maximum error

2 percent.
Less than 10 percent
1.0° C in average lake-surface tem 

perature. 
5 percent in inflow and outflow 

volumes and 1.0°C in inflow and 
outflow temperatures. 

20 percent in average Bowen ratio 
for entire lake. 

1.0°C in average lake-surface tem 
perature. 

0.1 °C in average temperature of 
lake.

Perce nt error in 
computed 

evaporation

Sumnrer 
mont1!

4 
1 
4 
1 
3

4

5 

0 

5

Winter 
month

2 
1 
4 
1 
4

2

4 

0 

10

order to ensure that the average temperature of the 
lake is determined within 0.1 °C, which is equivalent 
to an error of 10 percent of the evaporation during 
winter months. On the other hand, to determine re 
flected solar energy within 10 percent, which is equiv 
alent to an error of only 1 percent in evaporation, 110 
instrumentation was necessary other than that re 
quired for the measurement of solar energy itself. 
When the preliminary plans for any contemplated 
evaporation study are made, it is most desirable that 
estimates be made of the magnitudes of the various 
quantities involved and the probable errors of meas 
urement in order that a rational and economical program 
of instrumentation may be devised.

MASS-TRANSFER STUDIES

By G. EARL HARBECK, JR., U. S. Geological Survey

The results of the Lake Heftier studies indicated 
that of the various mass-transfer equations tested, 
those of Sutton and Sverdrup (the 1937 form) were 
suitable for use with available field instruments. A 
new quasi-empirical equation was found to give good 
results for Lake Heftier, but there was no assurance 
that it was applicable to other lakes. It was further 
found that at Lake Heftier the effect of atmospheric 
stability was unimportant, at least for periods of one 
day or longer.

SVERDRUP'S EQUATIONS

For comparative purposes two of the ecu nations 
proposed by Sverdrup may be expressed as foUows:

Sverdrup (1937): E=
 ez)

(4)
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Sverdrup (1946): E=-

L
(5)

In equation 4 Sverdrup used di=27.5v/v+, and in both 
equations he used the following equation to express the 
variation of wind with height:

U*, /2 + 2<A16=^111 (   -)
KO \ Z 0 /

(6)

The difference between the equations 4 and 5 lies 
wholly in the denominator. Using Sverdrup's value 
for d t =27.5v/u^ or the value 3Qv/u% that was used in 
the Lake Hefner report, evaporation computed using 
equation 5 is approximately twice that obtained using 
equation 4.

Sverdrup's 1937 equation gave reasonably good re 
sults at Lake Hefner, but this is believed to be at least 
partly coincidental. In both equations Sverdrup as 
sumed that the variation of moisture with height fol 
lowed a logarithmic law, which is believed to be a satis 
factory approximation. In his 1937 work he used the 
expression:

(7)

in which the value of c was empirically determined.
Kearranging equation 7 and using two levels, z± and 

z2 , we obtain

(8a)

Similarly using equation 6 we may write

u. Z 0
(Sb)

Although Sverdrup stated that 00 should be determined 
from the wind profile, equations 8a and 8b indicate 
that we can determine ZQ from either the wind or humid 
ity profile. However, both the Lake Hefner and Lake 
Mead data indicate that the values of z0 computed from 
the wind profile differ considerably from those com 
puted from the humidity profile. In general the humid 
ity ratio (eQ  ez2)/(e0  z1 ) is considerably less than the 
wind ratio Uz2/UiV hence z0 computed from the humidity 
ratio is very much less than z0 computed from the wind 
ratio.

Sverdrup's 1946 equation was used for computing 
evaporation from Lake Hefner with z0 determined from

the wind profile, and the results were far too large. If 
this equation were used for Lake Mead, the results 
would be far too small because of the much smaller 
value of 20 . His 1937 equation gave much better results 
at Lake Hefner; it appears preferable because it is based 
upon the existence of a laminar sublayer below the 
turbulent layer, whereas the 1946 equation is based on 
the assumption that the turbulent laye^ extends down 
to the water surface. It cannot be accepted on theoreti 
cal grounds, however, because of the imDlication that it 
makes no difference whether 20 is determined from the 
wind or humidity profile. However, if zn for Lake Mead 
is determined from the wind profile, the resulting figures 
of evaporation based on the 1937 equation are too small. 

From the Lake Hefner daily averages of meteorologi 
cal data (U. S. Geol. Survey, 1954b) and from the Lake 
Mead data, certain information is available to substan 
tiate the statement concerning the method used to de 
termine z0 . Admittedly, daily data are not as desk-able 
as short-period observations for defining wind and 
humidity profiles, but it is believed ths.t they are ade 
quate to illustrate this particular point. From the data 
for both reservoirs, ratios of the wind speeds and vapor- 
pressure differences were determined fcr the 8- and 2- 
meter levels for those days on which the average air- 
water temperature difference (T&  T0) was between 
 0.9°C and + 0.9°C, as shown in table 10.

TABLE 10. Ratios of a average wind speed and vapor-pressure 
difference for Lake Hefner and Lake Mead, based on daily 
average data

Lake Hefner
Lake Mead

Number
of days

45
58

MS
112

1.237
1. 145

Us
(knotsi

10. 5
6.8

en  eg
ea  62

1. 135
1. 105

Ti-Te(°C)

0.01
0. 08

For Lake Hefner, 20=0.57 cm on the basis of the 
wind ratio and z0= 0.0067 cm on the b«,sis of the hu 
midity ratio. For Lake Mead similar values of z0 are 
0.014 cm and 0.0004 cm. It should be noted that the 
wind ratio for Lake Hefner given in table 10 does not 
agree precisely with those given in tabl°, 3 of the Lake 
Hefner report (U. S. Geol. Survey, 1954, p. 49). Those 
in the earlier report are based upon m^ny more data, 
and the variation in wind ratio with wind speed was 
taken into account. This was not don° in the present 
study, but the results for the two lakes are believed to 
be comparable because similar data wero used.

BUTTON'S EQUATION

Sutton's equation (1934) for evaporation from a 
smooth surface was modified by Marciano and Harbeck 
(1954), to give evaporation from a rough surface on
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the basis of Button's (1949) expression for macro vis 
cosity. The modified equation, when tested with the 
Lake Hefner data, gave as good or better results than 
any of the theoretical equations tested. For Lake 
Mead it was soon apparent that results obtained, using 
the modified equation, were only approximately half 
those determined from the energy budget. It may 
have been that the simple modification performed to 
make Sutton's smooth-surface equation applicable to 
rough surfaces was inadequate, and the results obtained 
with the Lake Hefner data were to a large extent coinci 
dental. On the other hand, the value of the wind- 
profile exponent, which takes atmospheric stability into 
account in Sutton's equation, was considerably differ 
ent for Lake Mead. Sutton (1953, p. 308) pointed out 
that his equation was applicable only to a hydrody- 
namically smooth surface.

CALDEB'S EQUATION

According to Sutton (1953, p. 309), Calder (1949) 
has obtained expressions for evaporation from both 
rough and smooth surfaces. For a rough surface the 
logarithmic wind law used by Calder was

(9)
ZQ

in which d=zero-point displacement. Calder does not 
state whether a zero-point displacement occurs over a 
water surface. The Lake Hefner wind observations at 
2, 4, and 8 meters above the water surface indicated no 
significant departure from the ordinary logarithmic 
law, and it is therefore assumed that d=0 for a water 
surface.

Because of mathematical difficulties, Calder replaced 
the more exact logarithmic law, equation 9, by a power 
law of the type

u , ( z V
_ =y I   I
^* \zJ

(10)

in which the values of q' and a depend on the range of 
z/z0 within which equation 10 is to agree with equation 9. 

Based on a mathematical treatment of the problem 
of the turbulent diffusion from a continuously emitting 
line source of infinite length, at surface level and per 
pendicular to the surface wind, Calder expressed the 
variation of humidity with height and with distance 
downwind as follows:

in which x(x,z) =vapor concentration in gm cm 3 at 
the point (x,z)

Xo saturation vapor concentration in gm 
cm"3

/ denotes Pearson's function, I(X,p), values of which 
have been tabulated by Pearson (1922).

M is defined by Calder as follows:
ty 2a

__ <vQ 
    ~, 7\~v

in which ZQ, a, and qf are determined from equation 9 
and equation 10.

Calder's expression for evaporation from a rough 
rectangular surface of unit width and length XQ is as 
follows:

a+1

(12)

Observations of wind, temperature, and humidity were made at barges moored one each in midlake at Lake 
Hefner and Boulder Basin of Lake Mead. Equation 11 was therefore rearranged to give (XQ X) in terms 
of Xo, with x=xQf2, and the result substituted in equation 12, which was also divided by XQ to give average 
point evaporation over the length XQ . The resulting equation is as follows:

2a+l, ,uz z-°x0 (Xo x)

M(2«+l) 2 (z0/2)' (2a

(13)
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For the selected values of a, z, and x0 it is possible 
to compute the coefficient N in an equation of the form

(14)E=Nu8 (eo e^

in which E is in cm/(3 hours), u8 in knots, and (e0  e8) 
in millibars.

Unfortunately the difficulty in interpolating in 
Pearson's tables makes it inadvisable to preselect values 
of a. It is easier to choose values of the ratio 
(a+l)/(2o:+l) that appear in the tables, as for example 
0.95, 0.90, and 0.85. These three values were used with 
an x0 of 3.45X106 cm for Lake Hefner and an x0 of 
1.135X106 cm for Boulder Basin of Lake Mead. The 
results are listed in table 11.

TABLE 11. Values of N obtained by use of Calder's equation

a+l
2a+l

0.95 
.90
.85

a

0. 0556 
. 1250 
. 2143

M8/M2

1. 080 
1. 189 
1. 346

N 
Lake Mead

1. 92 XI O-1 
9. 10X10-4 
2. 43X10-3

N 
Lake Heftier

1. 93X10-* 
9. 22X10-* 
2. 45 X 10-3

It was not readily apparent whether there was a 
significant difference in the values of N for Lake Mead 
and Lake Hefner for the preselected values of (a+1)/ 
(2a-|-l) or whether the apparent differences resulted 
from small errors in the computations. In any event, 
for computational purposes the differences are negli 
gible, and Calder's equation indicates that for a given 
value of a, N is independent of the size of the lake, at 
least over the selected range of values of a and x0 . 
It cannot be concluded, however, that a is independent 
of the size of the lake. Instead, a should decrease with 
distance downwind, with an initial value at the upwind 
edge representative of the upwind terrain and approach 
ing zero at an infinite distance downwind, if steady- 
state conditions are assumed.

The relation between an average value of N and the 
wind ratio u8/u2 is shown in figure 22. Table 10 shows 
that for Lake Hefner the average value of u8/u2 was 
approximately 1.237, for which a is 0.154. From 
figure 27, the value of N corresponding to this wind 
ratio is 1.3X10"3, which is slightly more than twice 
the value of N found to best fit the observed data. In 
other words, if evaporation from Lake Hefner had been 
computed using a value of 1.3X10"3 for N, the results 
would have been approximately twice as great as the 
measured evaporation. For Lake Mead the value of 
TV corresponding to a wind ratio of 1.145 (for which a 
is 0.098), would be 5.7X10"4 . This is not greatly 
different from the empirical value of 6.25X10~4 deter 
mined for Lake Hefner and tested at Lake Mead, but 
in the absence of other corroborative information must 
perforce be questioned as possibly only coincidental.

.01

.005

.002

N .001

.0005

.0002

.0001

1.1 1.2 1.3

1.88

.05 .10 
a

.15 .20

FIGURE 22. Relation between "N" and "a" in Cald?r's equation.

Figure 22 indicates that Calder's equation is ex 
tremely sensitive to changes in a. A change of 0.01 
in a at «=0.10 results in a change of approximately 
19 percent in computed evaporation. .Although there 
is good evidence that changes in the value of a are 
rapid and often of considerable magnitude, the results 
of both the Lake Hefner and Lake Mead studies suggest 
that evaporation is affected to a much lesser degree 
than is indicated by Calder's evaporation equation.

It is apparent from figure 22 that the reT ation between 
N and a can be closely approximated by a power 
function, as follows:

TV^O.0450: 1 - 88 (15)

The maximum error in N is approximately 2 percent 
for values of a between 0.05 and 0.20.

Because the value of the constant N obtained from 
Calder's equation gives figures of evaporation that 
differ considerably from observed evaporation, and 
because of the apparent tendency for tre equation to 
overcorrect greatly for the effect of atmospheric sta 
bility, Calder's equation was discarded. In its present 
form, at least, the results obtained cannot be considered 
reliable.

LAKE HEFNER QUASI-EMPIRICAL EQUATION

The equation determined as best fitting the Lake 
Hefner data was

u8 (e0 -e8) (16)
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in which Eis in cm/(3 hours), U8 in knots, and (eQ  es ) 
in millibars. At Lake Hefner, Marciano and Harbeck 
(1954, p. 64) found that the effect of atmospheric 
stability was not significant at least for figures of daily 
evaporation. It could not be assumed that this was 
true at Lake Mead, however, and any test of the validity 
of equation 16 must also include a study of the effect 
of atmospheric stability.

In order to investigate whether the constant 6.25 X 10~4 
was applicable to Lake Mead, a period of approxi 
mately 1 year in length (12 energy-budget periods) was 
selected for study. This period, July 9, 1952 to June 
29, 1953, was selected because the data were considered 
to be of good quality. During the first few months of 
operation there was a larger percentage of missing 
record than occurred later, as might be expected. 
During the last few months, the observational program 
was not as comprehensive; records of water temperature 
and wet- and dry-bulb temperatures at the outlying 
raft stations were discontinued.

For this 356-day period, computed evaporation 
obtained by the energy-budget technique was 5 percent 
less than that obtained by equation 16 (see table 12). 
Although on an annual basis the agreement was satis 
factory, deviations of considerable magnitude were 
noted for individual energy-budget periods of approxi 
mately 1 month in length.2 An examination of the 
deviations revealed that they had a definite seasonal 
trend and were significantly correlated with a number 
of parameters, including wind shear (as expressed by 
the ratio u&fuz), atmospheric stability (as expressed by 
S, the stability parameter, which is proportional to the 
Richardson number), and the humidity profile (as 
expressed by the ratio (e0  e^/fa ^2). The stability 
parameter S was defined as follows:

S=
(TV- 

us2 (17)

in which Ts and T0 are in degrees centigrade and u8 
in knots.

The effect of atmospheric stability is illustrated in 
figure 23. Computed energy-budget evaporation for 
each period was divided by the summation of the 
products of wind speed and vapor pressure difference 
(8-meter data) for that period, to eliminate the 
effects of those two variables, and the ratio plotted

2 The possibility that the energy-budget results were subject to seasonal bias was 
investigated. It was not considered possible that incoming radiation data were 
seriously in error because of the fact that these items were measured by the pyrheli- 
ometer and flat-plate radiometer as well as the CRI. Other items such as change in 
energy storage and adveeted energy showed no correlation whatever with the devia 
tions between energy-budget and 8-meter mass-transfer results.

0 +.05 +.1C +.15

FIGURE 23. Relation between the stability parameter (S) and the ratio of the 
energy budget to the summation of the product as(eo es).

against S, the stability parameter. A poor but signifi 
cant correlation is evident in figure 23. A similar 
analysis using the 2-meter data is illustrated in figure 
24; no apparent correlation exists.

The preceding analysis indicated that if wind and 
humidity data for the 2-meter level at the barge station 
were used in equation 16, the effect of atmospheric 
stability would be negligible. Unfortunately equation 
16 could not be used with the 2-meter data for the 
computation of evaporation because the constant, 
6.25 X10~4, would not be applicable .

That the use of the 2-meter data would minimize the 
effects of stability might seem surprising. Many wind 
and humidity profiles derived from the Lake Hefner 
data for the 2-, 4-, 8-, and 16-meter levels were plotted 
on semilogarithmic graph paper. At Lake Mead 
measurements were made at only the 2- and 8-meter 
levels, so that similar graphs for Lake Mead cc^ild not 
be made. Within the limits of observational error, the 
Lake Hefner wind data plotted as a straight line, at 
least between 2 and 8 meters, regardless of stability. 
This would probably not have been true if shorVperiod 
observations had been used, but the use of 3-hour 
averages presumably smoothed out the curvature. The 
slopes of the lines were highly correlated with stability, 
however; large wind ratios were associated with stable 
conditions and small wind ratios with unstable condi 
tions. Thus the effect of change in slope due to s tability
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FIGURE 24. Relation between the stability parameter (S) and the ratio of the 
energy budget to the summation of the product u^en ei).

is much less at the 2-meter level than at the 8-meter 
level, insofar as absolute values of wind speed and 
humidity are concerned.

It should be noted that if Sverdrup's equation is 
used, measurements can be made at any height above 
the water surface provided they are made within the va 
por blanket (U. S. Geol. Survey, 1954, p. 51). This is in 
contrast with the requirements for an equation of the 
type proposed by Sutton, which are that measurements 
of humidity be made in unmodified air above the vapor 
blanket. The quasi-empirical equation 16 is used to 
determine evaporation at a single point in the reservoir 
and is therefore similar to Sverdrup's equation rather 
than Sutton's, and measurements at any height within 
the vapor blanket may be used.

To minimize the effects of stability, it might be argued 
that it would be best to make observations as close 
to the water surface as possible, but certain practical 
considerations dictate a compromise. As the observa 
tional level approaches the surface, wind, humidity, 
and temperature differences decrease, and the effects 
of errors of measurement increase. At both Lake 
Mead and Lake Hefner the 2-meter data are not con 
sidered to be as reliable as the 8-meter data because 
cup-type anemometers were used, and the 2-meter wind 
probably reached the anemometer stalling speed more 
frequently than did the 8-meter wind.

Since the deviations between the energy-budget and 
8-meter mass-transfer results were observed to be

correlated with both the wind ratio and humidity- 
difference ratio, a multiple correlation rras made using 
as the dependent variable 2us (eQ  es) fo** each monthly 
period, in which u is in knots and e in millibars. The 
independent variables were Z^(e0 e2) and S for the 
same periods. The resulting regression equation was

 e2) +75.7 S (18) 

For neutral stability, for which $=0

  CB) = 1.346«a(«o  02) (19)

Since figure 24 indicates that the effect of stability 
is insignificant at the 2 -meter level, equation 19 may 
be used to convert equation 16 for use with data 
obtained at the 2-meter level, as follows :

(20)

in which E is now given in inches per day and u and e 
are in the same units hitherto used.

The foregoing development was made using data for 
the barge station in Boulder Basin. It was realized 
that wind speeds measured in the approximate center 
of Boulder Basin were not necessarily representative of 
the entire lake. The variability in both wind speed and 
direction in Boulder Basin has already been noted. 
Because of the configuration of the reservoir and the 
ruggedness of the surrounding terrain, there is every 
reason to suppose that the same conditions prevail in 
other basins of the lake. Measurements were not made, 
however, because additional stations for measuring 
wind speeds in the other basins would necessarily have 
been placed on shore or in sheltered locations, for it was 
not deemed practical to construct additional barges 
substantial enough to withstand the buPeting by waves 
in exposed locations. During the last few months of 
the project a barge was operated in tin Virgin Basin, 
but the period of record was so short that it was of little 
value for the purpose of estimating the variation in 
wind speed over the entire reservoir. Wind speeds 
recorded at the barge station in Boulder Basin were 
therefore considered to be representative of the entire 
lake.

Kaft stations, as described in the chapter on instru 
mentation, were installed in Overton Arm and near 
Temple Bar. The locations were so selected that water 
depths at the rafts were roughly the same as the average 
water depths in that part of the lake, in the hope that 
water-surface temperatures recorded at the selected 
sites would be representative of water-surface tem 
peratures in their areas. Kecords of wet- and dry-bulb 
temperatures at the 2-meter level were also obtained at 
the raft stations, in order that the humidity difference, 
(e0  e2), could be computed.
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In general, water temperatures at the raft stations 
were slightly higher than at the barge in Boulder Basin, 
as might be expected because the water was shallower. 
Differences in humidity were not of any considerable 
magnitude, but the humidity gradient, as expressed by 
(eo e2), was in general greater than at the Boulder 
Basin barge. Evaporation computed by means of 
equation 20 was therefore adjusted, using humidity 
differences measured at the raft stations as repre 
sentative of the shallower areas of the lake, and a 
weighted average was obtained.

RESULTS OF ENERGY-BUDGET AND MASS-TRANSFER 
COMPUTATIONS

By G. EAEL HARBECK, JR., U. S. Geological Survey

EVAPORATION BY ENERGY-BUDGET PERIODS

Evaporation from Lake Mead by energy-budget 
periods from March 12, 1952, to September 28, 1953, 
has been computed from the 8-meter and 2-meter data 
by means of equations 16 and 20, and is shown in table

12 with figures of energy-budget evaporation. Mass- 
transfer evaporation from Lake Mead, as computed by 
substituting the 8-meter data in the equation developed 
for Lake Hefner, is generally much greater than energy- 
budget evaporation during late spring and summer 
(periods 4-7 and 15-18 inclusive), which is indicative of 
the previously mentioned stability effects. During the 
winter the reverse is true, as may be seen by comparing 
the results for periods 9-12, inclusive. It should be 
noted, however, that computation of evaporatic n on an 
annual basis by means of equation 16, which was 
derived for Lake Hefner, gave good results at Lake 
Mead. Evaporation so computed for periods 5-16 
(approximately a year) totaled 86.87 inches, as com 
pared with the energy-budget evaporation figure of 
82.59 inches, a difference of only 5 percent. Such 
close agreement is particularly surprising in view of the 
fact that Lake Mead differs from Lake Hefner in many 
respects, such as size, shape, orographic setting, and 
climate. However, the marked effect of the difference 
in size of the two lakes upon wind and humidity profiles 
is readily apparent (see preceding section).

TABLE 12. Evaporation from Lake Mead for energy-budget periods, March 12, 1952, to September 28, 1953

[In inches]

Num 
ber

1 
2 
3
4 
5 
6 
7 
8 
9

10

11 
12 
13 
14 
15 
16 
17 
18 
19

5-16 
1-19

Period

1952 
Mar. 12- Apr. 14. _______ _ _____
Apr. 15-May 11____ _ _______
May 12-June 11____ ______ _ _ _ _
June 12-July 8__ __ ___ _-_-_ _ __ _

Aug. 6-Sept. 3  _ -__ --_ _____
Sept. 4-Oct. 2_______ ___ ____ _ _ __
Oct. 3-Nov. 5_____-___ _ .__ ____ ___
Nov. 6-Dec. 2__ _ _ _ _ _ _ __ __

1952-1953 
Dec. 3- Jan. 8___ __ _ _

1953 
Jan. 9-Feb. 2__ __ ___________________
Feb. 3-Mar. 2_ _______________________
Mar. 3-Mar. 31 _ __ _ ______ _ _
Apr. 1-Apr. 27
Apr. 28-May 27____ ____ ______
May 28-June 29 _
June 30- July 29 __ __ _______
July 30-Aug. 26 ________ ______ __
Aug. 27-Sept. 28 --------.--- ____ _

1952-1953 

July 9-June 29 ___ ___ ______
Mar. 12-Sept. 28  __ ----- ._ ___ __

Number of 
days in 
period

34 
27 
31 
27 
28 
29 
29 
34 
27

37

25 
28 
29 
27 
30 
33 
30 
28 
33

356 
566

Computed evaporation

Energy- 
budget

6. 22 
4. 34 
9.80 
9.95 
8. 72 
9. 84 
6. 72 
6. 33 
8. 89

6.09

3. 25
5.48 
4.88 
4.48 
8. 74 
9. 17 
8. 12 
8. 43 

10. 68

82. 59 
140. 13

Mass-transfer 
8-meter data '

5.02 
4.05 
9. 53 

10. 60 
9. 53 

13.07 
7.57 
6.36 
7. 29

5.43

2. 59 
4. 19 
4. 46 
5. 35 
9. 62 

11. 41 
9. 20 

10. 77 
10. 29

86. 87 
146. 33

Mass-transfer 
2-meter data s

4. 94 
3. 68 
8. 87 
9.38 
8. 16 

11. 46 
7. 50 
7. 17 
8. 52

6. 36

2.84 
4. 65 
4. 42 
5. 21 
9. 12 
9. 73 
7. 62 
9. 67 
9. 99

85. 14 
139. 29

Energy 
budget minus 
mass-transfer 
2-meter data

+ 1. 28 
+ . 66 
+ . 93 
+ .57 
+ . 56 

-1. 62 
-.78 
-. 84 
+ .37

-. 27

+ .41 
+ . 83 
+ .46 
-.73 
-.38 
-. 56 
+ . 50 
  1. 24 
+ . 69

-2. 73
+ 0. 69

Average of 
energy - budget 

and mass- 
transfer

5. 58 
4. 01 
9. 34 
9. 66 
8. 44 

10. 65 
7. 11 
6. 75 
8. 71

6.22

3.04 
5.07
4. 65 
4. 84 
8. 93 
9. 45 
7. 87 
9.05 

10.34

83. 86 
139. 71

Mass-transfer 
Las Vegas and 
Boulder Basin 

data 3

5.08 
3. 51 
8.02 

10. 10 
8. 49 

11. 56 
6.05 
6. 25 
9. 44

7.01

2. 79 
4. 98 
4.09 
5.47 
8. 71 
9.01 
8.62 

11.43 
10. 11

83. 85 
140. 72

Computed using equation 16 .adjusted to entire lake. s Computed using equation 20, adjusted to entire lake. » Computed using equation 24.
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A comparison between the evaporation values 
computed from the 2-meter data and the energy- 
budget results is given in figure 25. Table 12 shows 
that the 2-meter mass-transfer results agree much 
better with the energy-budget figures than do the 
8-meter mass-transfer results. For the two mass- 
transfer computations there is little difference in the 
annual total, as might be expected, but the 2-meter 
results for 14 of the 19 periods agree more closely 
with the energy-budget values. For the 19 periods 
the average difference, without regard to sign, between 
the energy-budget and the 2-meter mass-transfer 
results was 0.72 inch, or 10 percent of the average 
evaporation per period of average 1-month length.

It may appear that the deviations between the 
energy-budget results and the 2-meter mass-transfer 
results, as shown in table 12, are not random. The 
first 5 deviations are positive and the next 3 are negative. 
Farther down the column, a run of 3 positive deviations 
is followed by a run of 3 negative deviations. It 
should be remembered that only the data for periods 
5-16 inclusive were used in the correlation analysis 
that resulted in the 2-meter equation. From the fact 
that the first 5 deviations are alike in sign, one might 
question the general reliability of the correlation 
analysis. Accordingly a test was made to determine 
if the algebraic signs of the deviations constitute a 
random series. From the tables prepared by Swed 
and Eisenhart (1943), it was found that there is no
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FIGURE 25. Comparison between computed figures of evaporation from Lake Mead 

for energy-budget periods, using the energy-budget and mass-transfer methods.

reason to doubt the randomness of the series as far as 
this particular test is concerned.

It should be noted that for practical purposes the 
energy-budget and the mass-transfer techniques are 
independent. Certain few data, of which the water- 
surface temperature is the most important, are used in 
both methods. An error in measurement of water- 
surface temperature does not affect both results to 
the same extent, however. Vapor pressure of the 
ambient air is another parameter common to both 
methods. An error in measuring this item is of utmost 
importance in the mass-transfer method, but is of 
relatively minor significance in the energy-budget 
method because it is used only in the Powen ratio.

By previous agreement of representatives of the 
cooperating agencies, the results based upon the 
energy-budget method were accepted as the control in 
the study, and the mass-transfer results were compared 
to them. Because of the close agreement in the 
results obtained by the two methods, and because of 
the relative independence of the two methods, the 
average of the two may well be expected to be closer 
to the true value than either of them. These results, 
shown in table 12, may be considered to be the best 
estimate of evaporation from Lake Mead during the 
period covered by the study.

EVAPORATION BY CALENDAR MONTHS

The computation of the mass-transfer results on a 
calendar-month basis was straightforward, requiring 
only the summing of daily values. Computation of 
energy-budget evaporation on a calendar-month basis 
was somewhat more difficult. It war not considered 
practical to compute evaporation directly by the energy- 
budget technique, because of the possible error in 
determining changes in energy storage for each calendar 
month. For reasons mentioned (p. 25), thermal 
surveys were not made exactly at monthly intervals, 
and interpolated month-end figures of energy storage 
may be questionable. The first energy-budget period 
was March 12 to April 14, 1952. Energy-budget 
evaporation for the period April 1-14 was computed 
as follows:

EEB (Apr. 1-14) =

EMT (Apr. 1-14) 
E MT (Mar. 12-Apr. 14)

EEB (Mar. 12-Apr. 14) (21)

in which EEB is energy-budget evaporation and EMT is 
mass-transfer evaporation. Energy-budget evapora 
tion was computed for other periods in a similar 
fashion and the results totaled to obtain monthly 
figures. Energy-budget evaporation for the periods 
March 1-11, 1952, and September 2') and 30, 1953
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(prior to the first, and subsequent to the last, thermal 
surveys), was assumed to be equal to the mass-transfer 
evaporation.

A comparison of the energy-budget and mass-transfer 
results by calendar months is shown in table 13, as is 
the average of the two results, again considered to be 
the best estimate of evaporation from Lake Mead. 
The monthly variation in evaporation is shown in 
figure 26. The existence of a double wave, as postu 
lated by Neumann (1954) for shallow lakes, is neither 
confirmed or disproved. Evaporation during April 
1952 may have been less than at some time during the 
preceding winter, but no secondary minimum was 
observed during the spring of 1953. Evaporation 
during November 1952 confirmed Neumann's hypoth 
esis of a secondary maximum during that year. Pre 
liminary computations indicate that a similar but much 
smaller secondary maximum occurred in December 
1953. Perhaps for a lake as deep as Lake Mead it 
might be speculated that the double wave will be 
observed during some years but not in others, depend 
ing on the variation in weather conditions.

Evaporation in acre-feet (see table 13) was computed 
by multiplying the evaporation in inches by the average 
surface area for the month. A computation to indicate 
the magnitude of the possible error thereby introduced 
was made for June 1952, the month having the greatest

TABLE 13. Monthly evaporation from Lake Mead, March 1,1952, 
to September 30, 1953

Evaporation from Lake Mead

Month

1952 
March _

May __
June _
July_______ -----------

September-..- -

1953

May

July...------------   .

Total, water year 1953_ 
Total, 19-month

Energy- 
budget 
method 
(inches)

5. 74 
4.48 
7. 86 

11.98 
9. 07 

10. 94 
7.08 
5.26 
9. 56 
5. 62

4.21 
5. 08 
5.44 
5. 45 
8. 76 
8.38 
8.59 

10. 33 
8. 47

85. 15 

142. 30

Mass-trans 
fer method 

(inches)

4.90 
3. 81 
6. 92 

11. 00 
8.48 

12.48 
7.93 
6.07 
9. 32 
5. 81

3. 83 
4.33 
4. 79 
6. 22 
9.25 
8. 88 
8. 12 

11. 31 
8.01

85.94 

141. 46

Average of two methods

(inches)

5.32 
4. 14 
7. 39 

11. 49 
8.78 

11. 71 
7.50 
5.66 
9. 44 
5. 72

4.02 
4. 70 
5. 12 
5. 84 
9. 00 
8. 63 
8. 36 

10. 82 
8. 24

85.55 

141. 88

(thousands 
of acre-feet)

48.8 
37.7 
73. 7 

130.3 
106. 2 
140. 2 
87.9 
64.5 

104. 1 
60. 7

41.3 
47. 1 
50. 3 
56.4 
85.8 
85.3 
86.0 

110.8 
82.9

875.2 

1500. 0
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FIGTTKE 26. Monthly evaporation from Lake Mead (average of mas."!-transfer and 

energy-budget results).

change in stage during the entire period of observation. 
For this month, evaporation in acre-feet was computed 
as the sum of the daily mass-transfer figures, each of 
the daily figures being the product of the daily evapo 
ration in inches and the daily surface area. T" e differ 
ence between this figure and the figure obtained from 
using the average area for the month was 0.5 percent, 
which was considered negligible.

Evaporation from Lake Mead during the 1953 water 
year, computed as the average of the energy-budget and 
mass-transfer results, was 85.52 inches, or 875,000 
acre-feet. Immediately the question arises as to 
whether evaporation during that year was above or 
below normal. Evaporation expressed as a volume is 
computed as the product of evaporation expressed in 
units of depth times the area of the reservoir, and either 
of these may vary from year to year.

Graphs showing the relation between meteorological 
parameters measured at Las Vegas during the period 
covered by this study and during the entire period of 
record at the Weather Bureau station were presented 
in the section on climatology (fig. 7). The average 
percentage of sunshine and air temperatures during the 
study period was slightly a,bove normal, which could be 
taken as an indication that evaporation from Lake 
Mead was also above normal. Wind speeds were not 
greatly different from normal, thus permitting no con 
clusion on this basis. Humidity was substantially 
below normal, from which it might be concluded that 
evaporation was above normal. No information is 
available as to whether water-surface temperatures 
were above or below normal. Evaporation from the
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class A land pan at Boulder City was below normal 
during the study period.

Because of the conflicting conclusions that might be 
drawn from the data and the absence of any informa 
tion as to normal water-surface temperatures, it would 
appear unreasonable to state, on the basis of a cursory 
examination of climatological records alone, that 
evaporation from Lake Mead during the period March 
1952 to September 1953 was either markedly above or 
below normal. This point will be discussed further in 
a later chapter.

SURFACE-WATER WITHDRAWAL: THEORETICAL 
CONSIDERATIONS

The suggestion has been advanced that a substantial 
saving in evaporation might be effected by releasing 
warm water from the surface of Lake Mead instead of 
the relatively cold water at the elevation of the intake 
tower gates. It might appear that the amount of 
water saved might be computed by simply assuming 
that all of the additional energy thus removed would 
have been used for evaporation. Such an assumption 
is invalid, for it ignores the effect of the surface with 
drawal on the water-surface temperature of the lake. 
If withdrawals are made at the surface, the temperature 
of the water surface will be decreased, thereby decreas 
ing the amount of energy dissipated by radiation from 
the water surface and increasing the amount of energy 
conducted to the water surface from the atmosphere. 
Both of these result in more energy being available for 
evaporation, so that the net saving is actually considera 
bly less than would be computed under the simple 
assumption that the energy can be removed in outflow 
without any counterbalancing effects.

The period July 9, 1952, to June 29, 1953, for which 
average radiation data are shown in table 8, was 
selected for study. It was assumed that withdrawals 
were made at the surface temperature, which is not the 
measured surface temperature but the temperature 
that would be attained after such withdrawals had 
been made for a sufficiently long time to establish 
equilibrium conditions. The average temperature 
eventually to be attained was unknown but could be 
determined by a successive-approximation technique, 
because the saving in evaporation as computed by use 
of the energy budget (equation 2) had to be the same as 
that computed according to mass-transfer theory. 
Any of the mass-transfer equations could be used, for 
it was assumed that the only effect of withdrawing 
surface water was to change the temperature of the 
surface, thus affecting only the vapor-pressure-differ 
ence term.

During the period selected for study, average water- 
surface temperature of Lake Mead was 19.9°C. If

surface withdrawals had been made, the water-surface 
temperature would have been 19.2°C, thus effectively 
decreasing the amount of energy returned to the 
atmosphere by radiation from the water surface and 
increasing the amount of energy conducted from the 
atmosphere to the lake. The computed decrease in 
evaporation was 8 percent. Under the erroneous 
assumption that all of the additional energy removed 
from the lake by surface withdrawals would have been 
used for evaporation, the computed saving in evapora 
tion would have been almost twice as great.

Although the computations indicate that a saving of 
8 percent in evaporation from Lake Mead might be 
obtained by surface withdrawals, this figure must be 
considered a theoretical maximum. For a saving of 
this amount to be obtained, the water removed must 
be at the temperature of the surface, whereas the surface 
isothermal layer in Lake Mead is often nonexistent or 
quite thin. On calm summer days temperature de 
creases sharply with depth near the surface, and the 
theoretical saving would be reduced if tl ? cooler water 
below the surface were withdrawn.

The possibility that evaporation from a reservoir 
could be substantially reduced by withdrawing warm 
water from the surface instead of cool water at some 
depth is quite attractive. It should of course be 
recognized that evaporation from the river surface 
below the dam will be increased thereby, and the 
possible saving previously computed is not a net gain. 
The engineering practicability of the proposal is beyond 
the scope of this discussion; it is presented elsewhere 
in this report in the chapter on withdrawal of water 
from Lake Mead.

PAN AND LAKE EVAPORATION

By MAX A. KOHLER, TOR J. NORDENSON, and 
WILLIAM E. Fox, U. S. Weather Bureau

The prime objective of the water-loss investigations, 
March 1952 to September 1953, was the determination 
of evaporation from Lake Mead. It is of extreme 
importance to the operation of this arid-region reser 
voir the largest of existing artificial lakes. With 
experience gained at Lake Hefner (U. S. Geol. Survey, 
1954a), it was believed that reliable estimates of 
evaporation from Lake Mead could be made by each 
of several techniques, and an observational program 
was planned to provide the required data.

The Bureau of Reclamation had maintained a rather 
extensive network of pan stations around the lake for 
a number of years and little added instrumentation 
was required for the present study. In order to re 
strict costs it was decided to forego installation of 
additional types of land pans, such as the BPI, Colo-
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rado, and screened pans that had been used at the 
Lake Hefner project.

The only station added to the existing network 
was installed on Boulder Island in Boulder Basin. 
It was believed that data collected from a point well 
out in the lake would prove of value for special studies 
and regular visits to this site were required for other 
purposes. The site is not representative in the sense 
that shore pans are; data obtained there were not 
expected to be equivalent.

Because no attempt was to be made to determine 
evaporation by the water-budget method, which can 
not be applied to Lake Mead with reasonable assurance 
as to success, there is no forthright basis for comparing 
results of the several methods; each must be appraised 
in the light of results obtained by the others. Fortu 
nately, computations of annual evaporation at Lake 
Mead by the mass-transfer, energy-budget, and modi 
fied pan procedures show remarkable agreement; there 
is little reason for concern as to which "answer" is 
correct. Computations presented in this chapter show 
rather conclusively that differences between the several 
methods are well within the range of error to be ex

pected in estimates of normal annual evaporation that 
are based on a few years of record.

Appreciable differences in the observed pan evapora 
tion values at the various sites around Lake Mead had 
been recognized for some time and they had been 
pointed to as evidence of the inconsistencies to be 
expected in the application of pan data. Accordingly, 
every attempt has been made to determine the causes 
of these differences and their effect on estimated lake 
evaporation.

INSTRUMENTATION AND OBSERVATIONAL 
PROCEDURE

The long-established network of the Bureau of Rec 
lamation consisted of four pan stations, to which one 
was added for the duration of the study period. Those 
in the original group (fig. 1) were Boulder City, North 
Las Vegas Wash, South Las Vegas Wash, and Pierce 
Ferry, and the additional station was installed on 
Boulder Island in Boulder Basin.

Boulder City station. The site of this station is 4 
miles southwest of Lake Mead and on the northwest 
edge of Boulder City proper, as can be seen in figures 
27 and 28. In addition to instruments normally found

FIGURE 27. Boulder City station, facing south toward city and developed area. Photograph by Bureau of Reclamation.

419661 O -58 -4
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FIGURE 28. Boulder City station class A pan, looking northwest from city. Photograph by Bureau of Reclamation.

at class A installations (pan, rain gage, anemometer, 
and maximum and minimum thermometers), the sta 
tion equipment includes psychrometer, hygrothermo- 
graph and water-temperature thermograph. No spe 
cial equipment was added for the study period. The 
station elevation is 2,522 feet above mean sea level, 
and observations have been maintained continuously 
since August 1935.

Pierce Ferry station. The site of this station is in 
Pierce Basin (fig. 1), approximately 60 miles east- 
northeast of Boulder City at an elevation of 1,368 feet 
above mean sea level. The land pan and related equip 
ment were located approximately one-half mile south 
of the lake shore and a floating pan (figs. 29, 30) was 
anchored about 300 feet offshore. The Pierce Ferry 
station, established in April 1936, was closed at the end 
of June 1952 because of the withdrawal of all resident

personnel from the area. Unfortunately, therefore* 
records are available for only 4 of the 19 months of 
the study period. Before the study period, the sta 
tion equipment included a psychrometer and all items 
normally found at a class A station except an anemom 
eter. In February 1952 an anemometer was installed, 
and also a Six maximum-minimum thermometer for 
pan-water observations of temperature.

Las Vegas Wash stations. The North and South Las 
Vegas Wash land stations, with installed floating pans, 
were located north and south of Las Vegas Bay, north 
west of Boulder Basin (fig. 1). The stations (see figs. 
31-34) were established in August 1935 and discon 
tinued on September 30, 1953.3 Daily attendance was

s Prior to July 1939, the north and south stations were known as Nevada and 
Arizona pans, respectively. The Arizona pan was located 6 miles southeast of the 
present site. The Nevada pan was merely renamed.
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' FIGURE 29. Pierce Ferry station floating pan, closeup. Photograph by Bureau of Reclamation.

impractical in this remote area; the pans were serviced 
only twice weekly during the winter season and three 
times weekly during the summer. Only evaporation 
and precipitation were observed before March 1952, 
when anemometers were installed at the two land pans 
(figs. 31, 33).

The land stations were operated in a unique "mobile" 
manner. The equipment (pans and enclosures) was 
moved up and down the slope with fluctuating lake 
levels so that the pans were always exposed near the 
water's edge and at an altitude corresponding approxi 
mately to the lake level.
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FIGURE 30. Pierce Ferry station floating pan, general view. Photograph by Bureau of Reclamation

Boulder Island station. The site of this station was 
on the main ridge line (northwest-southeast) of the 
island at an elevation of 1,260 feet above mean sea 
level. The surface slopes rather steeply all the way 
from the ridge to the water's edge (fig. 35), and no site 
could be considered as representative in the usual sense 
Nevertheless, the equipment was installed in the hope 
that the data collected would be of assistance in special 
analyses, and daily observations were made from 
March 1, 1952 to September 30, 1953.

Initially, the pan station was equipped with psy- 
chrometer, Six maximum-minimum thermometer, and 
hygrothermograph, in addition to standard layout. 
Also, on the island, and immediately adjacent (see 
figs. 35, 36), were humidity, wind, and radiation equip 
ment required for mass-transfer and energy-budget 
computations. Operation of the hygro thermograph 
was discontinued on January 28, 1953, when it was 
decided that records obtained with wet and dry ther 
mocouples would be reasonably applicable to the Class 
A pan. In August 1953 a second anemometer was 
installed on the pan support (opposite corner) for pur 
poses of comparison, as discussed in a subsequent 
section.

Las Vegas Weather Bureau Airport Station (WBAS)   
The Weather Bureau maintains a first-order station at 
McCarran Field, which is located 6 miles south of Las 
Vegas and 25 miles west-northwest of Hoover Dam. 
The site is at an elevation of 2,162 feet above mean 
sea level. The station is not equipped with an evapo 
ration pan, but all other pertinent meteorological obser 
vations are made, including solar radiation.

ANALYSIS AND INTERPRETATION "OF DATA

Terrain in the vicinity of Lake Mead is quite rugged, 
with elevations ranging from 1,133 feet, lowest lake 
level during the analysis period, to over 5,000 feet, 
only 7 miles east of Hoover Dam. This and other 
factors, such as extreme changes in lake level, land- 
lake effects, and local irrigation, make the region ideal 
for microclimatological studies. Conversely, it can be 
said that the area is not well suited for evaporation 
experiments directed toward the estimation of reservoir 
evaporation from climatological and pan observations 
Station-to-station variations in observed data must be 
carefully scrutinized to assure proper interpretation 
and, under such circumstances, erroneous and non- 
representative observations can multiply the uncer 
tainties.
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FIGURE 31. North Las Vegas Wash station class A evaporation pan. Photograph by Bureau of Reclamation.

AIR TEMPERATURE

Monthly averages of daily maximum, minimum, and 
mean air temperatures pertinent to this chapter are 
listed in table 14. Examination of mean annual tem 
perature data for many stations in the tristate area 
surrounding Lake Mead shows an average change of 
about 4°F per thousand feet of elevation. When 
this elevation effect is taken into account, the 19- 
month average temperatures for the three land stations 
shown in table 14 will be found to be consistent within 
about 1°F. From January 1, .1951 through June 30, 
1952, the average temperature at Pierce Ferry was 
67.2°F as compared to 63.8°F at Boulder City, a 
difference of 3.4°F for a range of 1,154 feet in eleva 
tion. Thus, it would appear that any temperature 
variations ascribable to exposure are relatively minor, 
at least for extended periods.

It will be noted that the 2-meter temperature at the 
barge in Boulder Basin averages somewhat lower than 
that on Boulder Island. This results primarily from

the fact that the Island observations are taken 60 to 
130 feet above the water surface, where temperature 
is less subject to the influence of the relatively cooler 
water.

DEWPOINT TEMPERATURE

Dewpoint temperature data for Las Vegas WBAS, 
the Boulder Basin barge, and the pan stations are 
tabulated in table 15. Variation in dewpoint with 
station elevation is much less than that of air tempera 
ture, hence notable differences in table 15 (p. 46) un 
doubtedly result from other causes, such as (1) lake, 
irrigation, and other localized effects, (2) variation in 
height above the surface, and (3) instrumental or 
observational deficiencies.

The Las Vegas Airport Station is located in an open, 
undeveloped area; the dewpoint data are believed to be 
essentially free of local effects. There is good reason 
to believe the data are representative of upwind con 
ditions at the lake, except for the difference in elevation.
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TABLE 14. Monthly mean air temperature 
[In degrees Fahrenheit]

Period

1952 
March _

May _
June.
July
August
September
October
November
December

1953 
January
February
March

May_
June
July

September
Average, March-June 

1952___________ __ _ __
Average, March 1952- 

February 1953
Average, October 1952- 

September 1953 _

Land pans

Boulder City

Max.

58.8 
74. 1 
88.2 
92. 2 
99.8 

101. 5 
94.0 
86. 2 
60.4 
54. 1

60.7 
60.5 
69.4 
75.3 
77.5 
94.2 

100. 2 
98. 1 
96.5

78.3 

77.5 

77.8.

Min.

40.4 
54. 0 
63.8 
65. 1 
74.7 
76. 7 
68.4 
61. 5 
43. 0 
38.5

42. 3 
40.9 
47. 6 
52. 7 
54. 4 
67.4 
76. 8 
73.2 
70.3

55.8 

55.8 

55.7

Mean

49.6 
64. 1 
76.0 
78.7 
87.3 
89. 1 
81.2 
73.9 
51.7 
46.3

51. 5 
50.7 
58. 5 
64.0 
66.0 
80.8 
88.5 
85.7 
83.4

67. 1 

66. 7 

66.8

Boulder Island

Max.

3 65. 6 
81. 3 
94. 0 
96.2 

105. 1 
3 105. 0 

3 98.0 
90. 6 
69. 8 

3 62.3

3 66. 2 
66.0 
75. 2 
81. 1 

3 83.7 
3 98.7 

3 106. 7 
3 103. 5 
3 102. 9

84. 3 

83. 3 

83.9

Min.

3 46.3 
58. 5 
68. 5 
73. 2 
80. 5 

3 84. 1 
3 74.3 

66. 1 
50. 9 

3 45. 9

3 47. 3 
44. 1 

3 50. 3 
3 56.0 
3 58.4 
3 72.9 
3 81. 5 
3 79.7 
3 71.3

61.6 

61.7 

60. 4

Mean

3 56.0 
69.9 
81. 2 
84. 7 
92. 8 

3 94.6 
3 86. 2 

78.4 
60.4 

3 54. 1

3 56.8 
55.0 

3 62.8 
3 68. 6 
3 71.0 
3 85. 8 
3 94. 1 
3 91. 6 
3 87. 1

73.0

72.5 

72. 1

Pierce Ferry l

Max.

65. 2 
82. 1 
94. 2 

100. 6

85.5

Min.

41. 1
53.4 
64. 1 
70.0

57.2

Mean

53. 2 
67.8 
79.2 
85.3

71.5

Las Vegas (WBAS)

Max.

61. 6 
77.0 
91.0 
96.0 

103. 5 
105. 5 
95.4 
88.8 
61. 6 
56. 3

63. 2 
62. 6 
71. 5 
78. 3 
79. 6 
97. 9 

104.4 
102. 1 
98.8

81.4 

80.2 

80.4

Min.

39.2 
51. 2 
61.4 
64.5 
72.8 
76. 1 
65. 9 
54.9 
37.3 
34. 5

37.5
34.8 
41.3 
49. 5 
52. 8 
65. 5 
76. 7 
72. 1 
64. 7

54. 1 

52. 5 

51. 8

Mean

50.4 
64. 1 
76.2 
80.3 
88.2 
90. 8 
80.7 
71.9 
49. 5 
45.4

50.4 
48. 7 
56.4 
63.9 
66.2 
81. 7 
90. 6 
87. 1 
81. 8

67. 8 

66.4 

66. 1

Mean 
2-meter 

dry- 
bulb 

temper 
ature, 

Boulder 
Basin 
barge 2

53.4 
65. 1 
76.6 
81.9 
88.9 
90. 3 
82.4 
75.2 
56.8 
52.3

54. 5 
52.5 
58. 6 
64.6 
68. 9 
81. 5 
89. 8 
89. 2 
86. 0

69.2 

69.2 

69. 2

i Station closed June 30,1952. 2 Average elevation during period, approximately 1167 ft. above mean sea level, 
s Partly estimated.

FICUBE 32. North Las Vegas Wash station floating evaporation pan (northerly direction). Photograph by Bureau of Reclamation.
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FIGURE 33. South Las Vegas Wash station class A evaporation pan (southerly direction). Photograph by Bureau of Reclamation.

Although Boulder City data were derived from hygro- 
thermograph charts, they are supported by frequent 
psychrometric observations. In arid regions, where 
the wet-bulb depression is large, rapid drying of the 
wick can result in wet-bulb readings which are too high 
if the observer is not extremely careful. Such bias may 
account for part of the difference between Las Vegas 
and Boulder City dewpoints, but it is believed that 
evapotranspiration and watering of lawns in the local 
area are primarily responsible, possibly augmented to 
some extent by the nearness of Lake Mead. The fact 
that Boulder City data fit the generalized pan relation 
(as discussed later in this section) lends some support 
to this belief.

The data shown in table 15 for the Pierce Ferry 
station are based on once-daily psychrometric readings 
taken at time of the regular observation. The data 
are almost certainly erroneous; it is inconceivable that

the dewpoint at this station could average several 
degrees higher than at 2 meters over the Boulder Basin 
barge. Although solar radiation received at Pierce 
Ferry may well exceed that at Boulder Island, entering 
the generalized pan relation (subsequently discussed) 
with observed Pierce Ferry data yields computed 
radiation one-third greater than that observed in the 
Boulder Basin. This difference is also unrealistic.

The dewpoint data shown for the Boulder Basin 
barge are considered reliable and representative of 
conditions over the lake. Considering the pronounced 
vertical gradient observed at the barge and the sharp 
relief (fig. 35), appreciable variations might be expected 
from point to point on the island. Even so, it is ques 
tioned that the observed difference (August to Novem 
ber 1952) between dewpoints derived from the thermo 
couples and hydro thermograph are real rather than 
erroneous.
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TABLE 15. Monthly mean dewpoint temperature 

[In degrees Fahrenheit]

Period

1952 
March
April
May
June
July__ ____________________________________

September

November
December

1953 
 January
February
March
April
May-
June
July_ ______ __ __________ __ _ ___ ______

Average (March 1952-February 1953).

Las Vegas 
(WBAS)

24 
31 
24 
23 
36 
41 
23 
24 
20 
28

25 
12 
15 
14 
18 
21 
47 
34 
26 
26 
24

Boulder 
City

27 
41 
31 
29 
45 
46 
41 
40 
29 
31

32 
23
28 
32 
36 
40 
54 
50 
44 
35 
37

Boulder Island

2-meter ther 
mocouple !

57 
53 
50 
36 
37

39 
32 
33 
33 
32 
36 
59 
54 
49

41

Hygrother- 
mograph

32 
43
46

62 
65 
60 
56 
40 
39

38

Boulder Basin barge

2 meters ]

36 
46 
48 
50 
63 
64 
59 
54 
37 
38

40 
34 
36 
39 
38 
49 
66 
62 
60 
47 
46

8 meters l

34
42 
41 
43 
56 
58 
54 
51 
36 
38

39 
32 
33 
35 
32 
38 
60 
55 
53 
44 
42

Pierce 
Ferry 2 -3

43
47 
50 
55

1 From average monthly values of vapor pressure.
2 Station dosed June 30,1952.

WIND MOVEMENT

Monthly totals of wind movement are listed in table 
16 (p. 50). Attention is called to the fact that non- 
standard pintle supports were inadvertently supplied 
for Pierce Ferry, Boulder Island and Las Vegas Wash 
(north and south) stations and, as a result, the cups 
were exposed at a level of about 12 inches above the 
pan rim, whereas standard exposure is 6 inches. There 
fore, observed data for these stations are probably 
several percent high with respect to a standard installa 
tion.

Since all required data were available for computing 
Boulder Island pan evaporation, it was deemed im 
portant that standard wind observations be made. 
Accordingly, a second anemometer, mounted on the 
opposite corner of the pan support at standard height, 
was observed during the final month of the program. 
While the newly-installed anemometer recorded almost 
20 percent less wind during September 1953, this cannot 
be taken as the effect of lowering the cups by 6 inches 
with respect to the pan. The site of the first anemom 
eter was on a corner of the pan support projecting out 
ward from the sloping ground surface so that the height 
of the cups above the surface was actually over a foot 
more than was the case for the second anemometer.

Correlation between stations of monthly wind move 
ment is not as high as might be expected, but the data 
for the two Las Vegas Wash stations display what is

3 Pierce Ferry dewpoints appear to be erroneous, or mav not tie representative for 
average values, as they are based on only one reading each day.

perhaps the most glaring inconsistency. While 38 
percent more wind movement was recorded at the 
north station during the period March 1952 through 
January 1953, almost 4 percent more movement was 
recorded at the south station during the last 8 months. 
As indicated earlier, these two stations are moved up 
and down the slope with changing lake level and such 
moves may have affected the observed-wind movement. 
While exposure at the north station presented no 
problem, it became increasingly difficult to avoid 
relatively dense vegetation at the south station as the 
lake filled. An attempt was made to clear a reasonable 
distance from the pan location; however, comparison 
between lake contents (see fig. 2) and monthly wind 
records indicates that the exposure was affected. The 
pan evaporation data at the two sites also lend support 
to this conclusion.

SOLAR RADIATION

Solar radiation data pertinent to this chapter are 
summarized in table 17 (p. 50). The data listed for Las 
Vegas are from the permanent installation at the 
Weather Bureau Airport station. These data were not 
used in any phase of the analysis, but are included to 
call attention to the discrepancy between the two sets of 
observations. The Las Vegas equipment was inspected 
on June 25, 1953, at which time it was found to be 
recording about 18 percent too high.
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FIGURE 34. South Las Vegas Wash station floating evaporation pan. Photograph by Bureau of Reclamation
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FIGURE 35. General view of Boulder Island equipment showing setting in lake. Photograph by Bureau of Reclamation.
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FIGURE 36. Closeup of Boulder Island equipment. Photograph by Bureau of Reclamation.
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TABLE 16. Monthly wind movement 

[In miles]

Period

1952

April _
May

July

November
December

1953

March
April
May
June
July_________. __________________

September
Average, March-June 1952
Average, March 1952-February 

1953
Average, October 1952-September 

1953__ __ __ _ _ _ _ _

Land pans

Boulder City

3,857 
2,585 
2,531 
2,573 
1,534 
1,565 
1,491 

976 
2,278 
2,097

2,363 
2,699 
3,235 
3,317 
4, 162 
3,032 
2,292 
2,397 
1,367 
2,886

2,212

2,518

Boulder Is 
land

* 6, 568 
4,230 
4,573 
5,425 
3,933 
4,514 
2. 738 
1,964 
5,837 
4,633

4,291 
4,891 
4,781 
5, 189 
7,029 
5,248 
4,507 
4,720 

s 2, 397 
5, 199

4,466 

4,624

North Las 
Vegas Wash !

4,597 
2,978 
2,968 
2,661 
1,970 
1,994 
1,572 
1,779 
3,302 
2,631

2,904 
2,954 
3, 120 
3,396 
4,096 
3,030 
2,849 
3,092 
2,272 
3,301

2,692 

2,952

South Las 
Vegas Wash '

3,943 
2,583 
2,577 
1,747 
1,017 
1,012 

585 
742 

2,844 
1,998

2,274 
3, 176 
3,095 
3,443 
4,456 
3,436 
3,069 
3, 118 
1,954 
2,712

2,042 

2,800

Pierce Ferry 2

1,998 
1,793 
1,868 
2, 107

1,942

Boulder Basin barge

2-meter data

7, 165 
4,744 
4,949 
6,299 
5,006 
6,534 
3,875 
3,273 
6, 183 
6,071

5, 166 
5,214 
5,574 
6,202 
7,549 
6,078 
5,594 
6, 191 
3, 797 
5,789

5,373 

5,574

8-meter data

8,471 
5,706 
6,161 
7,831 
6,429 
8,243 
4,568 
3,639 
6,971 
6,847

5,974 
5,944 
6,727 
7,525 
9,291 
7,772 
7, 116 
7,570 
4,498 
7,042

6,399 

6,656

Estimated 
4-meter values3

7,818 
5,225 
5,555 
7,065 
5,718 
7,388 
4,222 
3,456 
6,577 
6,459

5,570 
5,579 
6, 150 
6,864 
8,420 
6,925 
6,355 
6,880 
4, 148 
6,416

5,886 

6,115

1 Observations taken only two or three times weekly. Monthly values estimated 
by proportioning totals.

* Station closed June 30,1952.
8 Estimated wind movement 4 meters above the lake is the average of the 2-meter 

and 8-meter values (assuming wind varies with log of height).

WATER TEMPERATURE

The monthly average of daily maximum, minimum, 
and mean water temperatures of land and floating 
pans and of water-surface temperatures of the lake at 
the Boulder Basin barge are shown in table 18.

Attention is directed to the fact that the Las Vegas 
Wash stations were attended only two or three times 
weekly and the monthly data were accordingly derived 
from maximum and minimum temperatures occurring 
between observations.

PAN EVAPORATION

Table 19 summarizes evaporation from the 5 land 
and 3 floating pans. As might be expected, annual 
evaporation from the floating pans is appreciably less 
than from the class A pans, station by station. Monthly 
ratios display a pronounced seasonal variation, however, 
and it will be noted that evaporation from the floating 
pans actually exceeds that from the land pans during 
the period October to January.

There has been considerable discussion among those 
acquainted with the project concerning possible effects 
on pan evaporation of nonstandard exposure and 
observational practices, particularly at the Boulder

4 Wind movement estimated March 1-3,1952.
6 Wind movement at anemometer 2 on opposite side of pan from main anemometer 

(and at standard height) recorded 1,950 miles of wind movement in September 1953.

City station. Since comparative observations during 
the course of the program were not feasible, conclusions 
can only be based on data collected at other locations. 
The relation between pan evaporation and meteoro 
logical factors presented in the Lake Hefner report 
(Kohler, 1954, fig. 96) has subsequently been revised 
through consideration of data collected at additional 
stations (Kohler, Nordenson, and Fox, 1955). The 
revised relation is presented in figure 37 of this report.

TABLE 17. Monthly mean solar radiation 
[In langleys per day]

Period

1952 
March

May
June
July _^_______

November
December_____

Boulder 
Island

463
586
728
756
677
646
513
437
295
242

Las
Vegas >

442
540
694
744
684
670
541
468
322
257

Period

1953 
January
February
March
April
May
June
July_________.

September

Boulder 
Island

281
394
527
608
722
765
629
634
573

Las 
Vegas '

316
438
589
668
791
865
644
672
590

i Prior to .Tune 26,1953, the pvrheliometer at Las Vegas was not operating properly 
and the readings are questionable. On July 29,1952 the instrument was reading about 
6 percent low and was recalibrated accordingly. A check was again made on June 25, 
1953, when the pyrheliometer was found to be reading 18 percent high.
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TABLE 19. Monthly pan evaporation

[In inches]

Period

1952

May. -_-

July - -

September

1953

A/To v

August

Total, March -June 1952 ___ ___
Total, March 1952-February 

1953  __   _-_   ____ _ ____
Total, October 1952-September 

1953 _____ .__ ____ _____
Total, March 1952-September 

1953_____ ____ _ _ _________

Boulder
City

6. 36
8. 85

13. 75
15. 55
14. 22
13. 55
10. 51

7. 28
4. 45
2. 65

4. 12
5. 03
8. 60

10. 14
13. 97
16. 63
14. 16
14. 66
10. 72

44. 51

106. 32

112. 41

195. 20

Boulder 
Island

2 8. 36
3 9. 68
16. 34
19. 84

3 17. 45
4 20. 08
511 QS

7. 60
6. 21
3. 41

4 3Q
5. 52
9. 84

12. 85
3 Ifi fiQ

20. 30
20. 03
20. 30
16. 98

54. 22

130. 81

144. 12

247. 80

Land pans

North Las 
Vegas Wash

7. 96
10. 34
14. 75
14. 75
14. 46
15. 42
10. 59

7. 80
5. 52
3. 03

3. 93
5. 31
9. 12

11. 38
15. 23
17. 49
15. 60
17. 28
13. 72

47. 80

113. 86

125. 41

213. 68

South Las 
Vegas Wash

6. 71
10.08
14. 55
15. 17
14. 02
14. 54
8. 54
5. 10
4. 33
2. 54

3. 69
5. 28
9. 30

11. 21
13. 75
18. 10
16. 64
n !Q
11. 86

46. 51

104. 55

118. 99

202. 60

Pierce Ferry '

5.86
9.08

15. 81
18. 46

49. 21

North Las 
Vegas Wash

5. 07
7. 62

12. 23
14. 35
13. 06
13. 83

8. 50
9. 57
6. 25
3.70

3. 98
4. 95
6. 75
9. 14

12. 15
13. 93
13.38
15. 70
12. 63

39. 27

103. 11

112. 13

186. 79

Floating pans

South Las 
Vegas Wash

5. 14
6.05

10. 17
12. 71
11. 72
13. 96
9.86
6. 72
6. 80
3. 56

3. 73
4.93
6 57
8. 03

10 08
12 61
11. 94
14. 08
9 88

34 07

95 35

98 93

168 54

Pierce Ferry »

3. 79
5.88
9. 71

10. 45

29. 83

1 Station closed June 30, 1952.
2 Evaporation estimated for 5 days, 
a Evaporation estimated for 1 day. 
* Evaporation estimated for 3 days. 
s Evaporation estimated for 2 days.

Of the stations in the Lake Mead area, all data required 
for direct application of figure 37 are available only at 
Boulder Island. It is believed the radiation observa 
tions on the island are also representative of conditions 
at Boulder City, however, and so computations have 
been made for both stations (table 20). Although the 
empirical derivation of figure 37 was based in part on 
the records for Boulder City, the results shown in the 
table certainly lend no support to the existence of bias 
resulting from nonstandard practices. Computations 
for Boulder Island are based on dewpoint derived from 
the thermocouple wet- and dry-bulb readings. While 
the computed values for the period as a whole are about 
4 percent too high, there is an appreciable seasonal 
variation in the bias. There is doubt as to whether the 
wind and dewpoint data used are representative and 
the seasonal shift in the wind direction, as discussed in 
a previous chapter, may be significant.

Also included in table 20 are computed values of pan 
evaporation believed to be most representative of the 
Boulder Basin under conditions prevailing prior to 
construction of Hoover Dam (that is, representative of 
upwind conditions).

To assist in appraising the normality of the 19-month 
concentrated observational period, annurl evaporation 
from each pan (including the "representative" pan) 
for the entire period of record is summarized in table 21, 
and monthly evaporation from the Boulder City pan 
only are listed in table 22.

ESTIMATION OF ANNUAL LAKE EVAPORATION

The practice of converting class A pan evaporation 
to estimated lake evaporation by application" of the 
0.70 coefficient is of long standing. Although the 
propriety of assumed fixed proportionality is frequently 
questioned on theoretical grounds, such data as are 
available indicate that derived values of the coefficient 
(from annual data) are reasonably consistent. On the 
premise that stability of the coefficient approaches that 
necessary for requisite accuracy, it follows that ana 
lyzing possible causes of variations might lead the way 
to improved results through empirical adjustments.

To illustrate, let it be assumed that the 0.70 coeffi 
cient is applicable under the following idealized condi 
tions :

1. Temperature, dewpoint, wind and solar radiation
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TABLE 20. Observed and computed class A pan evaporation at 
Boulder City, Boulder Island, and a "representative" station.

[In Inches]

Period

1952
March __

Mav-

July.--. ---------

November

1953 
January - -

March

June
Julv___       ---

Total____ ______ _
Total, March 1952- 

Februarv 1953____ 
Total, October 1952- 

September 1953__

Boulder City

Ob 
served

6. 36 
8.85 

13.75 
15.55 
14.22 
13.55 
10. 51 
7.28 
4.45 
2. 65

4. 12 
5. 03 
8. 60 

10. 14 
13.97 
16.63 
14. 16 
14. 66 
10. 72 

195. 20

106. 32 

112. 41

Com 
puted

6.44 
8.61 

14. 35 
15.67 
14. 21 
14. 09 
10. 39 
7.82 
4. 33 
2. 81

4. 10 
5. 24 
8. 46 

10.26 
13.05 
15. 89 
14. 38 
14.08 
11. 28 

195. 46

108. 06 

111. 70

Boulder Island

Ob 
served

8.36 
9. 68 

16. 34 
19.84 
17.45 
20. 08 
11. 93 
7.60 
6. 21 
3.41

4. 39 
5.52 
9.84 

12. 85 
16. 69 
20. 30 
20.03 

3 20. 30 
16. 98 

247. 80

130. 81 

144. 12

Com 
puted i

6.42 
10. 94 
17. 18 
19. 15 
17. 93 
18. 98 
12.44 

9. 19 
8.32 
5. 34

5. 61 
6. 90 

10. 66 
13. 71 
18.51 
21. 26 
19. 08 
18. 76 
13. 59 

253. 97

138. 40 

150. 93

Repre 
sentative 
Station

Com 
puted -

7.85 
10.40 
15. 92 
16. 80 
15. 85 
16. 10 
11. 72 

8. 90 
5. 11 
3. 85

5. 18 
6. 30 
9.86 

12. 70 
16. 51 
18. 40 
16.50 
16. 51 
12.81 

227. 27

123. 98 

132. 63

1 Dewpoint from daily psychrometric readings assumed to be average for day from 
March through July 1952. Recording thermocouple data used from July 1952 through 
September 1953.

2 This is the evaporation estimated to occur from a class A pan exposed at the 
elevation of Lake Mead, but where the air has not been affected by the reservoir. 
The assumption is made that the vapor pressure and the temperature of the air at 
Las Vegas (when corrected to the elevation of Lake Mead) will be representative of 
the air upwind from Lake Mead. A study of air temperatures at various elevations 
in the Grand Canyon area shows an increase of 4°F per 1,000 ft. decrease in elevation 
and the Las Vegas WBAS temperatures were increased accordingly. Dewpoints at 
Las Veeas WBAS were increasei 1°F per 1,000 ft. in accordance'with the change 
with elevation (pressure) under dry adiabatic conditions. Boulder City pan wind 
movement and Boulder Island solar radiation were used in the computations.

s Evaporation estimated for 4 days owing to questionable hook gage readings.

at the pan are representative of conditions at the wind 
ward edge of the reservoir.

2. There is no net flow of heat through the pan walls 
during the period; that is, mean air and water tempera 
tures are equal.

3. There is no outflow from the reservoir other than 
as evaporation.

4. Net advected energy for the lake (energy content 
of inflow less that of evaporated water) is balanced by 
a change in energy content over the period.

5. The lake is circular and of some specified diameter.
6. The pan and lake are at some specified latitude. 

Other specifications may further enhance stability of 
the coefficient, but this list includes all of the more im 
portant items. Since all idealized conditions specified 
in items 1 through 6 are never encountered, the problem

can be visualized as one of delineating the effect of 
variations so that required adjustments can l^, made. 
This is the approach discussed in a Weather Bureau 
research paper (Kohler, Nordenson, and For, 1955), 
the essential features of which are described in the 
following paragraphs:

Considering the above specifications in the order 
listed, the requirement that the index pan be exposed 
to the same meteorological conditions as the lake is self 
evident. This may require adjustment for air and 
dewpoint temperatures if there is appreciable difference 
in elevation at the pan and reservoir sites. Further 
adjustment of pan evaporation may be required for 
dewpoint if air reaching the pan is appreciably modified 
by the lake, or if local effects, such as irrigation, result 
in consistent differences between the air approaching 
the pan and the lake. How to determine when pan 
wind is representative of the lake is another problem. 
Wind movement observed 6 inches above the rim of the 
pan at Lake Hefner was about one-half that observed 
at 4 meters over the lake, but computations show that 
this ratio can vary appreciably without materially 
affecting the results,

Two approaches are presented in the research paper 
to account for heat transfer through the wall of the 
pan one based on a modification in the relation of 
figure 37, and the second utilizing observations of air 
and pan-water temperatures. The relation of figure 37 
yields estimates of evaporation from the class A pan 
with its consequent boundary losses that is, yp =Q.025 
as derived empirically in effect adjusts for sensible 
heat transfer through the pan. If, then, the theoretical 
value, 7, is substituted into the relation, computed 
values of evaporation should correspond to those ob 
served in a "hypothetical" or "theoretical" pan which 
has the radiation characteristics of the class A pan, 
but which permits no sensible heat transfer through the 
walls of the pan. On the basis of data now available, it 
is evident that the annual coefficient for this "hypotheti 
cal" pan is near 0.70, and is essentially independent of 
climatic variations. Thus, annual lake evaporation can 
be estimated from the following equation (using daily 
or monthly averages and accumulating):

(22)

where EL is the average daily lake evaporation in inches 
(assuming any advection to be balanced by a change in 
energy storage), QnA and Ea are as determined in 
figure 37, and 7=0.000367 P (units of degrees Fahren 
heit and inches of mercury). -



54 WATER-LOSS INVESTIGATIONS: LAKE MEAD STUDIES

TABLE 21. Annual (water year) pan evaporation 

[In inches]

Water year

1936- __________________________
1937_____ __________________
1938_______ _________________
1939  -_---_--_- _______________
1940_______ _______________
1941  -_--_- _ ____________
1942___ _______ __________ ____
1943  ---------- __-----___
1944__ _ _____________________
1945  ------------ _ ------- __
1946___ _____________________
1947_-______ ______ _____
1948___ ______ _________________
1949-____ _________ _______ __
1950  -----_-----__- _ ______
1951  ------------------- _ _ __
1952_ ______________________
1953  -------------------------

Class A land pans

Boulder 
City

137. 27 
129. 08 
123. 02 
117. 72 
124. 37 
104. 96 
118. 26 
123. 73 
119. 94 
111. 44 
114. 04 
113. 82 
116. 81 
110. 79 
114. 94 
112. 12 
105. 02 
112. 41

North Las 
Vegas Wash

134. 99 
122. 43 
128. 89 
145. 37 
116. 78 
124. 57 
128. 81 
119. 00 
114. 64 
127. 30 
117. 31 
113. 37 
111. 27 
125. 60

117. 14 
125. 41

South Las 
Vegas Wash >

128. 24 
117. 19 
120. 19 
141. 44 
113. 50 
122. 93 
124. 61 
114. 87 
111. 08 
128. 66 
123. 95 
1 10. 85 
98. 52 

120. 74

109. 95 
118. 99

Pierce 
Ferry

94. 98 
116. 38 
126. 30 
125. 49 
104. 06

126. 75 
131. 79 
109. 65

128. 45 
118. 46 
129. 49 
130. 02

Representa 
tive station 2

122. 52 
137. 25 
133. 48 
135. 10 
129. 64 
130. 10 
132. 68 
139. 44 
126. 23 
135. 40 
129. 32 
122. 24 
132. 63

Floating pans

North Las 
Vegas Wash

98. 18 
111. 28 
105. 54 
107. 21 
102. 17 
111. 88 
110. 40 
109. 41 
100. 42 
107. 05 
104. 55 
112. 10 
101. 05 
104. 22

103. 60 
112. 13

Scutl Las 
Vegas Wash !

107. 21 
10?. 95 
102. 13 
101 42 
94. 25 
9«. 89 
81 43 
91. 38 
84. 75 
9°. 13 
91. 27 

10.. 59 
9°. 28 

101 73

§\ 40 
9°. 93

Pierce 
Ferry

93. 89 
115. 20 
107. 66 
94. 73 
80. 25

91. 60
87. 03
77. 69

116. 15 
80. 17 
89. 21 
81. 42

1 This station was moved to its present location in July 1939.
2 See footnote 2 to Table 20. Las Vegas WBAS solar radiation (observed or computed from percent sunshine) was used for the period prior to March 1952

TABLE 22. Monthly pan evaporation at Boulder City, Nei>. 

[In inches]

Water year

1936_-___-----__-
1937-------------
1938__ ___________
1939___-_______
1940--------- __-
1941-_----_---__-
1942_____ ______
1943_-_-_______ _
1944__-_________
1945__-_ ________
1946. __________
1947_---_----_---
1948-. -----------
1949-------------
1950_-----___---_
1951_-___________
1952________.-__-
1953---------.---

Total-_-____ __
Average.

Oct.

. 10. 22
8. 06
9. 83
7. 85
8. 23
7. 65
6. 43
8. 17
8.01
8. 60
6. 72
6. 25
7. 53
8.04
7. 52
8. 54
7. 38
7. 28

142. 31
7.91

Nov.

5.48
5. 93
5. 47
5.47
3. 67
5.05
4. 11
5.71
4. 93
4.47
4. 82
3. 31
4. 66
5.08
4. 62
5.28
4. 12
4.45

86. 63
4.81

Dec.

3. 75
3. 53
4. 35
3. 46
3.47
2. 29
2. 65
3. 63
3. 04
3. 58
2. 39
3. 11
2. 74
3. 28
2. 97
4. 08
3. 26
2. 65

58. 23
3. 24

Jan.

4. 56
3. 30
4. 59
3. 43
2. 70
2. 35
3. 71
4. 09
3. 24
2. 66
4. 28
3. 36
4. 18
2. 59
3. 43
3. 43
2. 53
4. 12

62. 55
3.48

Feb.

4. 73
4. 30
4.42
4. 02
4. 83
2. 89
4. 71
4. 66
3. 21
4. 79
4. 61
4. 41
4.07
2. 80
4. 41
4. 19
4. 94
5.03

77.02
4. 28

Mar.

9. 46
6. 84
6. 91
7. 37
9. 10
6.03
7. 86
7. 32
7. 94
6. 45
8. 15
7.83
7.06
6. 93
7. 92
8. 21
6. 36
8. 60

136. 34
7. 57

Apr.

13. 24
11. 98
11. 96
10. 93
10. 60
8. 30

11. 13
9. 08
9. 78

10. 78
11. 06
10. 77
10. 90
10. 17
12. 55
9. 59
8. 85

10. 14

191. 81
10. 66

May

17. 82
17. 36
13. 39
15. 08
15. 70
14. 19
14. 77
15. 80
13. 94
15. 10
14. 66
13.87
14. 92
12. 18
13. 86
13. 38
13. 75
13. 97

263. 74
14. 65

June

20. 04
18. 22
17. 11
19.01
17. 31
16. 25
18. 75
17. 52
16. 68
15. 72
17. 96
16. 37
15. 52
16.38
16. 72
15. 42
15. 55
16. 63

307. 16
17.06

July

18. 37
17. 73
17.40
18. 39
19. 85
15. 37
17.41
16. 96
18. 63
14. 64
14. 65
16. 67
17. 88
17. 36
15. 28
16. 22
14. 22
14. 16

301. 19
16. 73

Aug.

15. 62
18. 43
15. 50
14. 18
17. 72
13. 03
14. 14
14. 48
17. 64
12. 71
13. 76
14. 42
15. 17
13. 89
14. 05
12. 46
13. 55
14. 66

265. 41
14. 74

Sept.

13. 98
13. 40
12. 11
8. 53

11. 19
11. 56
12. 59
12. 18
12. 90
11. 94
10. 98
13. 45
12. 18
12.09
11. 61
11. 32
10. 51
10. 72

213. 24
11.85

Total

137. 27
129. 08
123. 02
117. 72
124. 37
104. 96
118. 26
119. 60
119. 94
111. 44
114. 04
113. 82
116. 81
110. 79
114. 94
112. 12
105. 02
112.41

2, 105. 61
116. 98

A second and possibly more obvious approach 
involves the direct computation of transfer through 
the pan and the determination of what portion was 
utilized in (or not available for) the evaporation 
process. From the Bowen ratio concept and the 
derived relation between pan evaporation, water 
temperature, dewpoint, and wind, the following equa 
tion was developed:

P<*p (0.37+0.0041 Up)
(23)

where EL and Ep are average daily lake and pan 
evaporation, respectively; ap is the proportion of 
energy transfer through pan walls utilized in (or not 
available for) evaporation process; P is normal station 
pressure in inches of mercury; up is pan wind in miles 
per day; and Ta and TO are air and pan-water tempera 
tures in degrees Fahrenheit, respectively.

Items 3 and 4 of the listed specif cations jointly 
require that no heat be supplied to the lake from external 
sources other than those acting upon the pan. Assum 
ing that reasonable estimates of heat storage and
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Ae-88(37+.0041^)

0 .4
VAPOR PRESSURE DIFFERENCE, 

IN INCHES OF MERCURY

Note: fa lines are based on Yfl =0.025

.10 .20 .30 .40 .50 .60 0 .004 .008 .012 .016 .020 .024 .028 
DAILY PAN EVAPORATION, IN INCHES

FIGURE 37  Revised relation of pan-evaporation and meteorological factors for class A pans, using energy-balance approach. Based on data from Vicksburg, Miss., Silver Hill 
Md., Boulder City, Nev., and Lake Hefner, Okla After Kohler, 1954, and Kohler, Nordenson, and Fox, 1955,

advection to and from the lake are available, it was 
shown that the proportion of such energy affecting 
the evaporation process could be approximated by 
the relation shown in figure 38. Similarly, it was shown 
by Kohler, Nordenson, and Fox (1955) that the pro 
portion of energy transfer through the pan walls that 
is utilized in the evaporation process could be approxi 
mated from figure 39.

With respect to specifications 5 and 6, relative to 
latitude and lake size, it can only be stated that at 
present empirical analysis indicates that neither factor 
is of particular importance. The discussion of size 
effect presented by Kohler (1954, p. 142) has, in a 
sense, been substantiated by observations at Lake 
Mead. Although it might be expected that angle of the 
sun would affect pan evaporation owing to variation 
in the radiant energy intercepted by the pan walls, the

generalized relation of figure 37 seems to give equally 
reliable results from Texas to Alaska.

LAKE MEAD COMPUTATIONS

It is indeed unfortunate that none of the pan stations 
operated throughout the 19-month period are "repre 
sentative" in the sense required for application of 
equation 23 a development subsequent to instrumen 
tation of the project. The accuracy with which Boulder 
City pan data can be estimated from the generalized 
relation of figure 37, however, indicates that evapora 
tion computed for the "representative" site should be 
quite reliable. It follows then that equation 22, solved 
with "representative" data, should provide reasonably 
accurate estimates of annual lake evaporation. Such 
computations have been made, using the data described 
in footnote 2 of table 20, and the results are given in

4196bl O -58 -5
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($,-6^(0.00304^)

Elevation, 10,000 ft above
mean sea level 

I

Elevation, 1000ft above 
mean sea level

32 40 60 80 100 32 40 60 80 
LAKE WATER TEMPERATURE, IN DEGREES FAHRENHEIT

FIGURE 38.  Proportion of advected energy (into a lake) utilized for evaporation.

table 23. For comparative purposes, energy-budget 
evaporation and that computed using the Lake Hefner 
empirical mass-transfer equation (Kohler, 1954, table 
27, second equation) are also given in the table. Al 
though the divergence for individual periods is as 
much as 25 percent, differences between the three 
methods for the beginning and ending annual periods 
(partially overlapping) are only a few percent. Basic 
data and computations for advection adjustments 
given in table 23 are listed in table 24.

The close agreement of the computations shown in 
table 23 goes far to instill confidence for the reliability

of each approach and prompts speculation as to the 
feasibility of estimating Lake Mead evaporation for 
previous years. This was done using equation 22, 
the only approach of the three for ^hich data are 
available, and the results are shown in table 25. Tem 
perature profiles for the lake are available since October 
1940; however, inflow and outflow temperature obser 
vations began in 1944.

To be wholly consistent with table 23, all computa 
tions for table 25 should also have been made on a 
monthly basis. This would have required analysis of 
approximately 140 temperature profiles and much addi-
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FIGURE 39. Proportion of advected energy (into classA pan) utilized for evaporation.

100

tional computational effort. Energy advection and 
EL were derived by accumulating computed monthly 
values. Conversion to an evaporation adjustment was 
based on annual data using a weighted annual value of 
a. This value of a, which was derived from the first 
and last full year of the 19-month period, is given by 
an^[Qfv Qa]<=Saj[Q'.  QJ, in which the subscript "i 
denotes a monthly value, the subscript n an annual 
value, and [Q' V  Q&] is the advection-storage difference. 
Conversion of the adjustment from acre-feet to depth 
in inches required a further approximation, as surface 
area varies throughout the year.

Values in the last two columns of table 25 represent 
computed pan coefficients for the Boulder City pan and 
for the "representative" pan. The first is shown to 
illustrate the reliability of observed pan evaporation 
as an hid ex in this specific case and the second shows 
both the magnitude and variability of the pan coeffi 
cient at the Lake Mead site under idealized corditions.

Examination of column 4 in table 25 indicates that 
advection of energy during the past 13 ye<vrs has 
increased evaporation from Lake Mead by an average 
of about 5 inches per year. Since this added loss 
results from the fact that temperature of the water
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TABLE 23. Comparison of Lake Mead evaporation as computed from equation 22, the energy budget, and an empirical mass-transfer
equation

Period

(1)

1952 

Mar. 12-Apr. 14_____ ___ ___ ___
Apr. 15-May 11
May 12-June !!_____ __ _ _ _._
June 12-July 8_ ... _ ______ _ _
July 9-Aug. 5
Aug. 6-Sept. 3__-------__-__--_-
Sept. 4-Oct. 2___ ___ __________
Oct. 3-Nov. 5  _. __ _ ----- -_-
Nov. 6-Dec. 2____ ___ _____ _ _

1952-1953 

Dec. 3-Jan. 8. _____ ___________

1953 

Jan 9-Feb 2_________________-__
Feb 3-Mar. 2___ _____ ___ _ ___
Mar. 3-Mar. 31  ___ _ ________^

Apr. 28-May 27  _ _ _______ _ _
May 28-June 29_ _______________
June 30-July 29___ _________ ___
July 30-Aug. 26_____ ___ ___ _
Aug. 27-Sept. 28__-_____________

Total... _ ..__ ___ ___

(a) 
Air temp. (°F)

(2)

61. 4
72. 3
82. 2
86. 7
93. 2
94. 5
83. 5
73. 9
50. 9

50. 2

55. 2
52. 1
61. 4
68. 1
69. 8
83. 5
94. 9
92. 3
85. 9

(b)
Dewpt 
temp. (OF)

(3)

24.0
34. 2
26. 4
25. 4
38. 5
42. 4
35. 7
25. 3
19. 7

29. 8

23. 0
12. 9
15. 9
15. 6
16. 7
22. 5
46. 4
35. 7
27. 9

(0
Pan wind 
(miles per 

day)

(4)

119
68
86
78
49
51
50
40
73

67

77
106
100
102
144
102
72
78
52

(d)
Solar radi 

ation 
(langleys 
per day)

(5)

560
627
735
724
695
635
502
420
283

237

304
398
533
596
71Q
762
650
613
587

(e)
«<Qi-Q«)

(in. of 
evap.)

(6)

-1. 5
-2. 4
-1. 8
-1. 3
-1.3
-. 5

. 6
1 9
6. 1

o 7

Q

1. 3
  1. 2
-2. 0
-1. 5
-3. 1

9 3
__ K

1. 5

Computed 3

(f) 
Empirical 

mass 
transfer

(7)

5.0
3. 7
s q
9 8
8. 4

11. 2
7. 3
7. 2
8.5

6. 6

2. 9
4. 7
4. 2
4. 9
9 0
9 8
8. 4

10. 7
10. 3

141. 5

ake evaporat

Energy 
budget

(8)

6. 2
4.3
q K

10.0
8. 7
Q Q

6. 7
6. 3
8. 9

6. 1

3. 2
c c

4. 9
4. 5
8. 7
9. 2
8. 1
8. 4

10. 7

140. 0

ion (inches)

Equation 
22 plus

«(Q.-Q0)

(9)

5. 9
4.3
K q
8. 1
8. 1
8. 6
7. 2
7. 7
8. 5

6. 3

3. 5
5. 2
4. 8
4. 0
8.4
9. 2
7. 7
8. 4

10. 5

135. 3

Difference 
(cols. 7 
and 9)

(10)

-0. 9
-. 6
0
1. 7

. 3
2. 6

. 1
-. 5
0

. 3

- 6
- 5
- 6

9
6
6
7

2 3
- 2

Difference 
(cols. 8 
and 9)

(11)

0. 3
0

q
1 9

. 6
1. 2

-. 5
-1.4

.4

-. 2

__ Q

3
1
5
3

. 4
0

. 2

a, Las Vegas WBAS air temperature plus 4°F (adjusting to Lake Mead elevation), 
b, Las Vegas WBAS dewpoint temperature plus 1°F (adjusting to Lake Mead 

elevation).
c, Wind movement at Boulder City pan. 
d, Solar radiation from Boulder Island installation.

discharged at the dam. averages several degrees colder 
than the water entering at the head of the reservoir, it 
follows that evaporation could theoretically be reduced 
if it were practical to withdraw only the warmer, sur 
face water. The engineering aspects of this possibility 
have been analyzed by engineers of the Bureau of 
Reclamation, and the results of their studies are pre 
sented in the section entitled "Withdrawal of water 
from Lake Mead."

ESTIMATION OF MONTHLY LAKE EVAPORATION

In an attempt to derive a means of estimating monthly 
lake evaporation from pan data, it was shown by Kohler 
(1954) that the monthly pan coefficient is approximately 
proportional to the ratio of vapor pressure difference 
(water to air) for the lake and pan. Thus, monthly 
lake evaporation can be computed from pan evapora 
tion, dewpoint, and pan-water and lake-surface-water 
temperatures. In reality, this maneuver simply sub 
stitutes pan wind for wind over the lake in the empirical 
mass-transfer equation, and results would most likely

e, Adjustment for change in energy storage and net advection of energy as shown 
in table 24.

f, Computed from equation 2, table 27, of Lake Hefner report (Kohler, 1954) using 
data from Boulder Basin barge.

be inferior to those obtained with the mass-transfer 
equation, if reliable lake-wind data were available.

Although one might expect that application of equa 
tion 22 would yield computed values of lake evapora 
tion displaying a pronounced seasonal bias with respect 
to actual evaporation, this in not borne out by the data 
in table 23. Differences between energy-budget com 
putations and those using equation 22 are not particu 
larly correlated with season, and the average difference 
per period is only one-half inch. The larger differences 
are highly correlated with departures from a mean 
curve relating Boulder City and lake winds, strongly 
indicating that at least part of the discrepancy results 
from the fact that Boulder City wind is not always 
representative of conditions at the lake, particularly for 
shorter periods. Apparently, seasonal variation in 
back radiation (pan relative to lake) and other factors 
which come to mind have only minor effect on the pan 
coefficient, under the idealized specifications set forth 
in the previous section.
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TABLE 24. Computation of adjustments for advection and change in energy storage

Period

1952 

Mar. 12- Apr. 14._____
Apr. 15-May 11 __
May 12-June 11 _ __
June 12-July 8_____ _
July 9-Aug. 5 _
Aug. 6-Sept. 3-___ __._
Sept. 4-Oct. 2_____..__
Oct. 3-Nov. 5__.
Nov. 6-Dec. 2__ _______

1952-1953 

Dec. 3-Jan. 8___

1953 

Jan. 9-Feb. 2____ _ ___
Feb. 3-Mar. 2_ _______
Mar. 3-Mar. 31. _ ___
Apr. 1-A.pr. 27____ __
Apr. 28-May 27________
May 28- June 29____ __
June 30-July 29 _ ___
July 30-Ausj. 26__ _ __
Ausc. 27-Sept. 28_______

Average 
elevation 
of Lake
Mead 

(ft above 
msl)

1, 136
1, 142
1, 168
1, 193
1,200
1,197
1, 192
1, 186
1, 179

1, 172

1, 165
1, 160
1, 155
1, 150
1, 147
1, 155
1, 166
1, 165
1, 162

(

Gal per cm2

-884
12, 717
19, 716
14, 634
2,884

116
-1,943
-3,604
-3,645

- 3, 922

-2, 150
- 2, 324
- 1, 479

-702
450

14,718
4, 830
2,072
-627

i)
?c

In. of evap.

-0. 6
8. 5

13. 3
9. 9
2. 0

. 1
-1.3
-2.4
-2.4

-2. 6

-1.4
-1. 6
-1. 0
-. 5

. 3
9. 9
3.3
1. 4

-.4

0 
d

Gal per cm2

-204
-189
-558
-621
-644
-725
-464
-408
-432

-222

-100
-168
-174
-189
-390
-495
-570
-616
-759

>)
to

In. of evap.

-0. 1
-. 1
-.4
-.4
-.4
-. 5
-.3
-. 3
-. 3

-. 1

-. 1
-. 1
-. 1
-. 1
-.3
-.3
  J.
-. 4
-. 5

(e) 
Q0

(Oal.XKH6)

1.470
8. 578

11. 856
9. 774
3. 179

. 281
-2. 157
-4. 830
- 10. 589

- 7. 546

-2. 431
-3. 172

0. 989
2. 225
1. 823

10. 498
4. 723
1. 221

-2.418

In. of evap.

2. 2
12.7
15. 9
11. 6
3.7
.3

-2.6
-5.9

-13. 3

-9.8

-3. 3
-4. 3

1. 4
3.2
2.7

14. 8
6.4
1. 7

-3.3

(d)
4-Meter 
wind at

Basin 
barge 
(miles 

per day)

214
168
203
225
182
237
139
124
232

208

159
214
191
219
280
234
195
223
158

Average 
water 
temp.
of lake 
surface 

(°;F)

55. 9
64. 4
72. 3
76. 8
82. 8
82. 8
79. 7
76. 1
66. 2

59. 5

56. 5
55.0
56. 1
59. 9
63. 1
70. 2
81. 3
83. 3
82. 8

(e)
a

0. 50
. 54
. 61
. 64
. 66
. 69
. 60
.57
. 58

.52

. 47

. 49

.49

. 53

. 57

. 61

. 66

. 68

.65

(f) -«Q0
in. of 
evap

-1. 1
-6. P
-9. r
-7.4-
-2.4

0

i. e
3.4
7. r

5. 1

1. 6
2. 1
-. 7

-1. 7
-1. 5
-9. 0
-4. 2
-i. 2

2. 1

fe),««;
in. of 
evap.

-0.4
4. 5
7.9
6. 1
1. 1

-. 3
-1. 0
-1.5
-1. 6

-1. 4

-.7
0

-. 5
-. 3
0
5. 9
1. 9
.7

-. 6

Base temperature of o°C. used throughout computations.
a, Net energy advected into the body of water by all volumes entering or leaving 

the body of water, except that volume leaving as evaporated water, 
b, Energy advected out of the body of water by the mass of evaporated water. 
c, The change in energy stored in the body of water.

d, Wind at 4 meters computed as average of wind movement at 2 and 8 meters 
above lake level.

e, Values obtained from figure 35.
f, Computed adjustment to Lake Mead evaporation for change in energy storage, 
g, Computed adjustment to Lake Mead evaporation for net advection of energy.

TABLE 25. Computation of Lake Mead evaporation and pan coefficients, 1941 53

Water year

(1)

1941_________________
1942_________________
1943_________________
1944_________________
1945_________. _______
1946_________________
1947_________________
1948_-_______________
1949_________________
1950_-________ ______
1951---___--_________
1952_________________
1953-__-_-___________

Total__ ______ ____
Average. .

EL from Eq. 22 
(inches) »

(2)

74.5
82.3
79. 5
81. 3
78. 2
76.4
77. 1
82. 7
76. 7
81. 8
78. 1
75. 5
80. 8

1, 024. 9
78. 8

Q, (equiv. 
acre-ft of 
evap.) b

(3)

« 294, 000
0 97, 000
« 75, 000

97, 000
68, 000
32, 000

212, 000
89, 000

191, 000
46, 000

110,000
237, 000
- 30, 000

1, 518, 000
116, 800

Q# (equiv. 
acre-ft of 
evap.) a

(4)

170, 000
- 16, 000
- 24, 000
-48,000
- 62, 000
  7Q 000
140, 000
- 64, 000

43, 000
- 59, 000
- 7, 000
130, 000

- 151, 000

- 27, 000
-2, 100

«(Q,'-Q0)
(acre-ft of 
evap.)  

(5)

62, 000
56, 500
49, 500
72, 500
65, 000
55, 500
36, 000
76, 500
74, 000
52, 500
58, 500
53, 500
60, 500

772, 500
59, 400

Average Lake 
Mead Area 
(1,000 acres)

(G)

138. 6
144. 2
140. 6
134. 8
128. 8
124.7
122. 4
131. 8
129. 7
125.0
118. 8
122.9
122. 5

1, 684. 8
129. 6

«(Q,'-Q0>
(in. of 

evap.) *

(7)

5. 4
4.7
4.2
6. 5
6. 1
5. 3
3. 5
7.0
6. 8
5.0
5. 9
5. 2
5.9

71. 5
5. 5

Lake evap. 
(inches) (EL 
plus col. 7)

(8)

79. 9
87.0
83. 7
87.8
84. 3
81. 7
80. 6
89.7
83. 5
86. 8
84.0
80. 7
86. 7

1, 096. 4
84.3

Ratio of EL 
to Ep for 

Boulder City 
class A pan

(9)

0. 71
.70
. 66
. 68
. 70
. 67
. 68
. 71
. 69
. 71
. 70
. 72
.72

9. 05
.70

E-.tioof EL 
to Ep for rep 
resentative 
tfass A pan

(10)

0. 61
.60
. 60
.60
.60
.59
. 58
. 59
. 61
.60
. 60
. 62
.61

7.81
. 60

» Based on Boulder City wind; radiation observed at Boulder Island March 1952- 
Sept. 1953 and Las Vegas May 1950-Feb. 1952, and computed from Las Vegas per cent 
sunshine prior to May 1950; and Las Vegas air and dewpoint temperatures adjusted 
to Lake Mead elevation. Comparative studies showed Las Vegas dewpoints prior 
to move in December 1948 required a correction of  6°F to be comparable with 
recent observations.

*> The net advected energy ((?,') was computed from monthly data using the 
following:

(1) Inflow=outflow+estimated evaporation+change in storage.

(2) Inflow Temp. = (T+2.6°C)-(0.04T)-(2.1X10-5X?)
where T and g are Grand Canyon water temperature in °C and mean flow in 
cfs, respectively. When computed inflow temperature is less than T, then 
T is used.

(3) Outflow water temp.=Hoover Dam tailrace water temp. 1.1°C.
(4) Heat of vaporization assumed to be 585 cal/cm'.
° Computed from well-defined relation between energy advection at d change in 

storage.
* Computed from temperature profiles at the intake towers. 
« A weighted annual value of 0.50 was used for a (see text).
* Based on average annual area; may differ from accumulation of monthly values.
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SUMMARY OF EVAPORATION STUDIES

It is believed computations presented in this chapter 
demonstrate that annual evaporation from Lake Mead 
(assuming no advection or change in energy storage) 
can be reliably estimated, either by applying a coeffi 
cient of 0.70 to the observed Boulder City pan evapora 
tion (column 9, table 25) or by application of equation 
22 to "representative" meteorological data. With 
respect to the 19-month test period, it can be said that 
differences between evaporation as computed by these 
two techniques (corrected for Lake Mead energy 
advection and change in energy storage) and that ob 
tained by the energy-budget or mass-transfer ap 
proaches are well within the probable error of those 
approaches.

Studies involving data from a number of experiments 
under differing climatic regimes substantiate the con 
clusion that transfer of heat through the class A pan 
causes moderate variation in the pan coefficient. 
Under the climatic regime at Lake Mead there is a net 
flow of heat into the pan such that a coefficient of 
about 0.60 (column 10, table 25) should be observed 
for a representative pan (assuming that the net ad 
vected energy for the lake is balanced by a correspond 
ing change in energy storage). The fact that the 
generally accepted coefficient of 0.70 is applicable for 
the Boulder City pan is coincidental; it so happens that 
the effects brought about by increased elevation 
(Boulder City with respect to Lake Mead) and local 
watering of lawns compensate for the heat transfer 
through the pan.

It also appears that, on the average, actual monthly 
lake evaporation can be estimated from equation 22 to 
within 10 percent, provided the energy advection and 
storage terms can be evaluated within reasonable 
limits. Judging from the 19-month test period, it may 
be possible to reduce the more extreme errors materially 
by using wind data which are more representative than 
those observed at the Boulder City pan station.

Since equation 22 provided results consistent with the 
mass-transfer and energy-budget techniques for the 19- 
month period, it was applied for the period 1941-53 
when sufficient data were available. This analysis 
yielded an average annual lake evaporation of about 84 
inches. Averaging lake evaporation for the first and 
last full years of the 19-month study period (column 9, 
table 23) also gives a value of approximately 84 inches, 
indicating that the study period was reasonably 
representative.

The close agreement between results obtained from 
equation. 22 and from the energy-budget and mass- 
transfer approaches lends considerable added support to 
the conclusion expressed in the Lake Hefner rpport

(Kohler, 1954, p. 148) relative to size effect. Equation 
22 is based on the assumption that the rate of lake 
evaporation (depth per unit of tune) is independent of 
water-surface area, and the fact that it is found to 
apply for a reservoir as large as Lake Mead and also for 
a 12-foot sunken pan goes far to invalidate conclusions 
to the contrary. Reliability of data ard computations 
are not such that it can be conclusively stated that size 
has no effect on evaporation but, on the other hand, any 
such effect must be minor compared to that derived on 
theoretical grounds. Apparently variations in wind 
and water temperature over the surface of the lake 
cannot be neglected, as has been done by a number of 
previous investigators.

The necessity to adjust meteorological observations 
to obtain representative data at this relatively "well 
instrumented" project points up the extent to which 
each reservoir must be considered an entity in itself. 
Even so, such adjustments are usually of only moderate 
magnitude and probably can often be r eglected.

FUTURE PROGRAM AT LAKE MEAD

By G. EARL HARBECK, JR., U. S. Geological Survey 
and MAX A. KOHLER, U. S. Weather Bureau

The possibility of maintaining indefinitely the full 
observational program designed for the studies covered 
by this report was given no consideration by the 
cooperating agencies because of the man-power require 
ments and the cost involved. Moreover, the deter 
mination of daily or weekly evaporation was believed 
unnecessary for operational purposes.

The need for continuing measurements of evaporation 
from Lake Mead may not be readily apparent. The 
evaporation loss during the 1953 water year was 
875,000 acre-feet. To some readers this figure may 
have little physical significance because of its magni 
tude. The loss might be likened to the complete and 
sudden disappearance at some point in its course of a 
river 100 feet wide, 6 feet deep, flowing at 2 feet per 
second. Evaporation from Lake Mead is the largest 
hitherto unmeasured diversion, if it may be called that, 
from the Colorado River. In the light of present 
knowledge little if anything can be done to decrease 
the loss, so that it may be considered a relatively fixed 
charge against the storage system. But accepted 
accounting principles require a knowledge of the magni 
tude of fixed charges even though nothing can be done 
to decrease them, and the efficient design and operation 
of one storage reservoir or a system of them requires 
that the magnitude of present and planned diversions 
from the system be known.

For the determination of evaporation on a continuing 
basis, it was desired that instrumentation and field and
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office work be minimized, consistent with the need for 
figures of monthly evaporation from Lake Mead. 
Accordingly, it was deemed desirable that fullest 
possible use be made of the records obtained at the 
first-order Weather Bureau station at the Las Vegas 
airport.

Studies were made to determine the correlation 
between certain meteorological parameters as measured 
at the Las Vegas airport and at Lake Mead. Figures 
4 and 6 indicate that correlation between air tempera 
tures and vapor pressures measured at the two places 
is excellent. On the other hand, figure 5 shows that 
the relation between wind speeds measured at the Las 
Vegas airport and wind speeds measured in Boulder 
Basin is not nearly as well defined. The relation 
between water-surface temperature and air temperature, 
as shown in figure 4, appears to be well enough defined 
so that with an allowance for time lag, water-surface 
temperature could be estimated with a fair degree of 
accuracy. It was not believed wise to attempt this, 
however, for water-surface temperature could con 
ceivably be affected by variables that would not have 
a corresponding effect on air temperature, such as 
advected energy. During a year of extremely high or 
extremely low inflow the estimated water-surface 
temperature might be subject to large error.

The mass-transfer equation finally decided upon 
requires measurements of wind speed at Boulder 
Island, water-surface temperature in Boulder Basin, 
and air temperature and humidity at the Weather 
Bureau station at the Las Vegas airport. The best- 
fitting empirical equation for computing evaporation 
for periods of about one month in length is as follows:

#=0.001813 u 00-ea)f [1-0.03(7;-TO)] (24)

in which
£"= evaporation in inches for period 
u= average wind speed at Boulder Island in knots 
e0 = saturation vapor pressure in millibars at the average

temperature of the water surface, T0 
ea = average vapor pressure of the air in millibars 

determined by averaging 4:30 a. m. and 4:30 p. m. 
observations of vapor pressure at the Las Vegas 
airport

t= number of days in period 
Ta = average air temperature in degrees centigrade at

Las Vegas airport+ 1.9°C
T0= average water-surface temperature in degrees centi 

grade.

The constant 0.001813 necessarily includes conver 
sion of units, proportionality constants, and the height 
above ground at which the wind, temperature, and 
humidity are measured. The constant correction of

1.9°C to be applied to observed Las Vegas temp eratures 
is the average difference between Las Vegas temperature 
and the 8-meter air temperature in Boulde" Basin. 
The Las Vegas airport is at an elevation approximately 
1,000 feet higher than Lake Mead. Both the Inter 
national Standard Atmosphere and the U. S. Standard 
Atmosphere are based on a temperature lapse rate of 
0.65°C per 100 meters. Using this lapse rate the 
indicated temperature difference should be 1.98°C, 
which agrees with the observed difference very closely.

Theoretically it can be argued that the stability cor 
rection term [1 0.03 (Ta  T0}] is not correct in form. 
Many investigators have agreed that the Richardson 
number, which is a measure of the balance between 
buoyant and dynamic forces, is a good stability param 
eter, but there is little agreement as to the manner in 
which this parameter should be used. The denominator 
of the expression for the Richardson number includes 
the square of the wind speed. On a monthly basis at 
least, variation in wind speed at Lake Mead was not 
great, and no significant improvement in the correla 
tion resulted from its inclusion. Since there was no 
advantage to including a nonsignificant term in an em 
pirical equation, it was omitted.

Because the anemometer on Boulder Island is at a 
fixed elevation, its height above the lake surface is 
variable. The foregoing analysis was based upon data 
obtained when the average water-surface elevation 
was 1,156 feet. A correction factor was computed us 
ing equation 8b with 20 =0.014 cm (from wind ratio 
data in table 10). The correction to be applied to 
observed Boulder Island wind speeds ranges f-om 0.95 
for a lake elevation of 1,070 feet to 1.05 for an eleva 
tion of 1,200 feet.

Computed figures of evaporation for energy-budget 
periods based on equation 24 are shown in table 12. 
A comparison between evaporation computed using 
equation 24 and the average of the energy-budget and 
mass-transfer results is shown in figure 40. Energy- 
budget periods instead of calendar months were used 
in the regression analysis in order to eliminate the pos 
sible error inherent in the distribution of energy-budget 
evaporation on a calendar month basis. In comparison 
with the average of the energy-budget and 2-meter 
mass-transfer results, the average error, without regard 
to sign, using equation 24, was 0.9 inch, or 9 percent of 
the average evaporation per period. Since tha, periods 
average about 1 month in length, it is believed that 
monthly evaporation from Lake Mead can be deter 
mined using equation 24 with an average er~or of 10 
percent or less. The apparent close agreement between 
the totals for periods 5-16 is meaningless, for the total 
of 83.86 inches (the average of the energy-budget and 
mass-transfer) was used in determining the constants
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TABLE 26. Computation of Lake Mead evaporation from equation 22, using data to be available under continuing program

Period

(1)

1952 
Mar. 27-Apr. 29___- _
Apr. 30-May 26 ___ ____
May 27- June 26 ______ _
June 27-Aug. 4 __
Aug. 5- Aug. 28___ _ _ _
Aug. 29-Sept. 29 . . _ _
Sept. 30-Oct. 29__ _ _____
Oct. 30-Nov. 25_ _________
Nov. 26-Dec. 29_ ________

1952-1953 
Dec. 30-Feb. 3    _ -----

1953 
Feb. 4-Mar. 2_ ___
Mar. 3-Mar. 30 __
Mar. 31-Apr. 28_ ______ _
Apr. 29-July 7___________
July 8-Aug. 2________ ___
Aug. 3-Aug. 31 _ _ _____
Sept. 1-Sept. 29_ _______

Total (disregarding
signs)

(a) 
Air 

temp. (OF)

(2)

68 
79 
85 
92 
95 
86 
77 
57 
49

54

52 
62 
68 
80 
94 
91 
86

(b) 
Dew 
point
(0F)

(3)

30 
28 
24 
36 
44 
37 
25 
22 
27

25

13 
16 
15 
21 
52 
34 
27

(e) 
Pan 
wind 
(miles 

per 
day)

(4)

89 
81 
86 
50 
53 
50 
32 
76 
66

72

109 
101 
104 
116
74
77 
46

(d) 
Solar 
radia 
tion 

(langleys 
per day)

(5)

584 
723 
752 
691 
634 
526 
444 
300 
249

286

400 
530 
602 
736 
613 
635 
575

Lake area 
(1,000 
acres)

(6)

109. 1 
118. 3 
133. 5 
144. 9 
143. 6 
140. 8 
137. 0 
132. 8 
127. 9

123. 3

120. 2 
117.8 
115. 9 
117. 1 
123. 6 
122. 8 
120. 8

/(e) 
(Qtf in. of 

evap.)

(7)

2.9 
12. 1 
13. 8 
4.0 
-.4 

-1. 5
2 0

-2. 5 
-2. 9

-2. 3

-1. 5 
-1.0 
-. 6 

9. 9 
1. 6 

. 7 
  1. 0

(e) 
Qs (in. of 
evap.)

(8)

6. 6 
18. 2 
13. 4 
7.0 
1.4 

-2.6 
-5. 1 

-12.4 
-9. 7

-6. 0

-3. 6 
1. 0 
1. 6 

17. 8 
5. 4 
1. 0 

-1. 7

(0
a

(9)

0. 50 
. 56 
.64 
. 65 
. 69 
. 61 
.57 
. 59 
. 53

. 51

.49 

.49 

.52 

.60 

. 67 

.67 

.62

(g) 
«(«.'- 00)

(10)

-1.8 
-3.4 

.3 
-2.0 
-1.2 

. 7 
1. 6 
5.8 
3.6

1. 9

1. 0 
-1. 0 
  1. 1 
-4. 7 
-2. 5 
-. 2 

. 4

Computed lake evap 
oration in inches

(h) 
Avg., mass 

transfer 
and energy 

budget

1 (11)

4. 5 
5.8 

11.7 
11.4 

9. 8 
8.0 
5. 5 
8.3 
6.7

4. 6

5.0 
4. 6 
5. 3 

20. 3 
7.2 

10.0 
8.0

136.7

EL plus 
col. 10

(12)

6.0 
5.3 

11.5 
10. 9 
6.3 
8. 5 
7. 1 
8.6 
5. 9

5. 1

4. 6 
4. 7 
6.3 

20. 1 
5. 6 
9. 1 
8.2

133. 8

Difference 
cols. 11 
and 12

(13)

-1. 5
+ .5 
+ .2 
+ .5 

+ 3. 5 
-.5 

-1.6 
-.3 
+.8

 .5

+.4 
-. 1 

-1.0 
+.2 

+ 1.6 
+ .9 
  . 2

14.3

a, Las Vegas (Airport) air temperature plus 4°F (adjusting to Lake Mead elevation). 
b, Las Vegas (Airport) dewpoint temperature plus 1°F (adjusting to Lake Mead 

elevation).
e, Wind movement at Boulder City pan. 
d, Solar radiation from Boulder Island installation.

in equation 24. It is estimated that the average error 
of computed annual evaporation using equation 24 will 
be 5 percent or less.

In the section of this report entitled "Pan and lake 
evaporation" it was shown that monthly lake evapora 
tion could be reliably estimated using a modified pan 
approach as given by equation 22. The average differ 
ence between evaporation computed in this manner 
(table 23) and that of the energy budget is only one- 
half inch per month. To attain this indicated degree of 
reliability under the future program, however, would 
require that the energy advection and storage terms be 
evaluated with the same precision as during the 19- 
month study period.

In planning the future, or continuing, program, it was 
decided that evaluation of the energy advection and 
storage terms would necessarily be based on a single 
temperature profile taken at the intake towers, temper 
ature of the inflow at the Grand Canyon gaging sta 
tion, and outflow temperature as observed at the tail- 
race. The computations summarized in table 26 were 
made to illustrate the reliability which might be ex 
pected when these observations are used in the future.

e, Net adveetion of energy (Q,) and change in energy storage (Qfl) were computed 
as explained in footnote b of table 25.

f, Computed from fig. 35.
g, Correction to lake evaporation, as computed from eq. 22, for net advection of 

energy and change in energy storage.
h, Computed in same manner as data shown in table 12.

AVERAGE OF ENERGY- BUDGET AND MASS- 

TRANSFER EVAPORATION, IN INCHES
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MASS-TRANSFER EVAPORATION (LAS VEGAS 

AND BOULDER BASIN DATA), IN INCHES
FIGURE 40. Comparison, for energy-budget periods, between the average of the 

mass-transfer and energy-budget results with the results obtained using Las Vegas 
and Boulder Basin data.
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Comparing the results in this table and in table 23 
show that the average error is increased materially 
when using the single profile and inflow temperature 
observation, but that the overall evaporation for the 
19-month period is essentially unchanged. In other 
words, annual evaporation computed on the basis shown 
in table 26 should be reliable.

The relative invariance of the coefficient shown in 
column 6 of table 25 indicates that the Boulder City 
pan can be used to provide still a third check on annual 
evaporation from Lake Mead. The extreme variation 
from the mean annual coefficient is only about 5 per 
cent.

WITHDRAWAL OF WATER FROM LAKE MEAD

By WALTER U. GARSTKA, H. BOYD PHILLIPS, IRA E. 
ALLEN, and DONALD J. HEBERT, U. S. Bureau of 
Reclamation

In the section entitled "Surface-water withdrawal: 
theoretical considerations," it was concluded that a 
saving of approximately 8 percent in evaporation would 
be realized if it were possible to withdraw water from 
the surface of Lake Mead. The assumptions and 
methods of computation will not be repeated here, but 
for the period chosen for study, July 9, 1952, to June 
29, 1953, evaporation from Lake Mead was approxi 
mately 900,000 acre-feet. The saving of 8 percent, 
therefore, would amount to 72,000 acre-feet. During 
the period selected for study, the average surface area 
of the lake was 128,000 acres, which corresponds to an 
elevation of 1,174 feet. From the time storage was 
begun at Lake Mead, the average active content has 
been about 16,300,000 acre-feet, corresponding to an 
elevation of approximately 1,139 feet. At elevations 
below 1,174 feet, the saving would be reduced during 
an otherwise comparable period. Moreover, to obtain 
the maximum possible saving, the water removed must 
be at the temperature of the surface, and in Lake Mead 
the decrease in temperature with depth is sometimes 
quite rapid.

HYDRODYNAMICS OF WITHDRAWALS FROM A 
RESERVOIR

To help visualize what takes place when water is 
withdrawn from a reservoir, several electric-analogy 
studies were performed. Two 2-dimensional models 
and one 3-dimensional model were studied. For all 
three models, the depth of reservoir was taken to be 
400 feet and the "surface" layer was taken to be one- 
twelfth of the total depth. Discharge for all three 
models was 19,200 cfs, which was the average discharge 
from Lake Mead for the period July 1952 through June 
1953.

A weir near the surface and a slot at middepth of the 
reservoir were used as the 2-dimensional models, and 
a single morning-glory spillway was used ar the 3- 
dimensional model. The 3-dimensional model con 
sisted of a 7%-degree sector of the reservoir around the 
morning-glory spillway. All three models had crest 
lengths of 500 feet.

The following conditions, necessary for the applica 
tion of the electric-analogy technique, based upon a 
solution of Laplace's equation, were assumed for all 
three models: a homogeneous fluid possessing the same 
temperature, density, salinity, sediment content, and 
viscosity at all points. Furthermore, it was assumed 
that the reservoir remained at the same level and that 
the momentum of inflows did not carry through per 
ceptibly to the point of discharge.

The results of this study are given in figure? 41, 42, 
and 43. Streamlines of the flows have been drawn 
dividing the discharge into 12 equal increments. At 
some remote distance from the point of discharge 
the stream lines become parallel and divide the reservoir 
vertically into 12 equal tubes. As the reservoir depth 
decreases with distance upstream from the dam these 
tubes would remain 12 in number, but they would 
reduce proportionately in thickness as long as irtillwater 
conditions prevailed in the reservoir.

Figures 41, 42, and 43 show lines of equal time dis 
tance of particles of water from the point of discharge. 
Analyses of these isochronic lines show how long it 
would take, after the start of discharge, for flow to 
come equally from all depths in the prototype. For 
the weir this elapsed time would be approximately 2% 
hours. For the submerged slot at middepth of the 
reservoir this would be approximately 1% hours. In 
the 3-dimensional model of the morning-glory spillway, 
the increments between isochronic lines are rot equal 
and are indicated by relative values on figure 43. For 
the prototype dimensions and discharge used in this 
study, analyses show that about 8 hours v^ould be 
required to establish equal flow from each depth in 
this morning-glory spillway.

The results of this electric-analogy study show that, 
except in the vicinity immediately adjacent to the 
spillway, the flow is essentially parallel and uniform in 
each of the three cases, with each of the stream tubes 
furnishing an equal volume of water regardless of its 
depth in the reservoir. The proportion of so-called 
surface layer of water to the total withdrawal from the 
reservoir would depend on the ratio of the depth of 
the surface layer to the total depth. Thus, in this 
electric-analogy model of Lake Mead, because the sur 
face layer was taken to be one-twelfth of the total 
depth, this surface layer accounted for 8% percent of 
the total discharge in each of the three models.
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Approximate iso 
chronic lines

Note: The isochronic lines are the loci of 
particles that are at equal time distance 
from the instant of discharge. Discharge 
for given dimensions is 38cfs per foot

.....1

FIGURE 41. Electric analogy tray study, two-dimensional flow diagram discharge over a sharp-crested weir near the surface of a reservoir.

Approximate iso 
chronic lines

Note: The isochronic lines are the loci of 
particles that are at equal time distance 
from the instant of discharge. Discharge 
for given dimensions is 38 cfs per foot

FIGURE 42. Electric analogy tray study, two-dimensional flow diagram discharge through a sharp-edged slot at middepth of a rese-voir.
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RELATIVE TIME UNITS FROM 0

380 284 236 188 172 156 140 124 108 92 84 76 68 60 52 44 36 28 24 20 16 12 864 79.6 f

particles that are at equal time distance 
from the instant of discharge. Discharge 
nto glory-hole spillway is 19,200 cfs

FEOURE 43. Electric analogy tray study, radial flow pattern discharge into a morning-glory spillway near the surface of a reservoir.

The three electric-analogy studies showed what 
would take place under the idealized conditions neces 
sary for the application of that technique. It should 
be realized that the chances of all of the conditions 
being met, for any length of time, in an actual reservoir 
are somewhat remote. Differences with depth in 
density and viscosity are known to occur in reservoirs. 
Density differences may be due to temperature, 
salinity, or suspended load (turbidity).

In irrigation and water-supply reservoirs, density 
differences due to salinity vary with the seasons. 
Density differences clue to turbidity are evanescent 
and, over long periods of time, can be considered to be 
minor. In reservoirs, differences in density are due 
predominantly to differences in temperature. Data 
from Lake Mead show how small these density differ 
ences are. For example, the average density profile, 
based on water temperatures at Lake Mead for the 
period July 9, 1952, to June 23, 1953, showed a varia 
tion of less than 0.15 percent from the surface to the 
bottom at approximately 400 feet, expressed relative 
to density at 4°C. Representation of such minute 
variations was not practicable in this electric-analogy 
study.

Viscosity differences, which are proportional to water- 
temperature differences would vary at Lake Mead by 
21 percent from the surface to the bottom at about a 
400-foot depth. Higher densities and higher viscosities 
would naturally be associated with the lower tempera 
tures, usually found at greater depths. For the 1-year 
study period Lake Mead water temperatures averaged 
68.4°F at the surface and 52.2° F at the bottom.

Anderson and Pritcharcl (1951) present a series of 
graphs of Lake Mead temperature and salinity distri 
bution in relation to depth. These graphs show that 
temperatures are essentially isothermal (the range being 
less than 10°F) for the period about mid-December 
through mid-April, and that dissolved salt content 
shows but little variation with depth for the period 
mid-January through mid-May, at Hoover E>,m and 
for Boulder Basin. Thus, insofar as density stratifica 
tion is concerned, Lake Mead is essentially homogeneous 
during winter and early spring seasons, and the flow 
patterns as they were delineated in the electric analogy 
studies should be applicable.

During other portions of the year, Lake Mead departs 
from the severe conditions imposed for direct prototype 
interpretation of electric analogy models. During late 
spring, summer, and early autumn, changing air tem 
peratures and the spring flood season inflow, with 
changing water temperatures, salinities and turbidities, 
result in density currents, which produce at times a 
very complicated density structure of the lake.

A distinction should be kept in mind between density 
stratification of still water and density currents. Bell 
(1942) has defined a density current as a gravity flow 
of a liquid or a gas through, over, or under r, fluid of 
approximately equal density. A general discussion of 
density currents, including descriptions of specific 
observations of density currents is given by Lane and 
Carlson (1954), and Gould (in Smith, Vetter, C immings 
and others, in preparation) has given a detailed 
discussion of density currents in Lake Mead.
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Although under special conditions a current's density 
may be due only to its suspended load, as a rule its 
characteristic density is the result of a combination of 
turbidity, salinity, and temperature.

Most of the turbidity currents that were observed to 
reach the western part of Lake Mead occurred during 
the first 7 years of the life of the reservoir, when the 
original channel of the Colorado River was still well 
defined under the waters of the reservoir. Sediment 
deposits in this channel have caused the density cur 
rents to spread out into thinner layers. The increased 
area of the interface has resulted in reduced velocities 
and increased opportunities for desilting and diffusion 
so that, as the reservoir matures, density currents 
become less and less capable of reaching Hoover Dam. 
Lane and Carlson refer to a similar progression at 
Elephant Butte Reservoir, in which density currents 
were observed first in 1917.

This subject was investigated in detail by the Sub 
committee on Lake Mead of the Interdivisional Com 
mittee on Density Currents of the National Research 
Council. Figures 87 to 92 of volume 2 of their report 
(Natl. Research Council, 1949) show density-current 
flows through Lake Mead. The first three of these 
figures show inflows that have densities greater than 
those of the lake, moving along the bottom. Figures 
90, 91, and 92, for the periods June 20-28, 1935, April 
30-May 5, 1940, and May 21-June 7, 1940, respectively, 
show inflows of densities less than those of the lake, 
moving at the surface. Pages 899 to 904 of volume 3 
show that beginning with 1941 the rate of flow of density 
currents became so slow as to be below the limit of 
measurement downstream from mile 335, Boulder 
Canyon. At mile 354.7, between the intake towers at 
Hoover Dam, the differences in density observed as 
the inflows moved toward the dam have been reduced 
greatly. Three of the flows (for the periods April 21- 
May 1, 1942, February 19-28, 1945, and March 18-23, 
1946, shown on pages 900, 903, and 904, respectively) 
resulted in an almost homogeneous condition at mile 
354.7.

Anderson and Pritchard (1951, page 53) state that 
Virgin Basin acts as a large "mixing bowl" in which the large 

seasonal variations in salinity of the inflowing Colorado River 
waters are smoothed to nearly their mean value. Below Virgin 
Basin the water is nearly uniform with respect to salinity.

This information leads to the conclusion that Boulder 
Basin of Lake Mead is characterized chiefly by density 
stratification rather than by density currents, and that 
the lake as a whole, as described by Anderson and 
Pritchard, exhibits certain broad circulation patterns 
characteristic of various parts of the lake for various 
reasons, insofar as can be determined with the currently 
available techniques. Furthermore, it is concluded

that, during part of the year at least, th^ density strati 
fication of Boulder Basin is due chiefly to temperature 
rather than salinity or turbidity.

Returning to the results of the electric-analogy 
studies, figure 42 showed that all the reservoir contrib 
uted to the sharp-edged slot at middepth. It will 
be recalled that the electric analogy assumed a homo 
geneous reservoir. Would the flow pattern of figure 
42 develop in a reservoir possessing a density strati 
fication? In regard to this question, the Cooperative 
Hydraulics Laboratory, U. S. Soil Conservation Service, 
and the California Institute of Technology produced 
a film No. Aa-1-II-D, dated 1947 entitled "A 
Laboratory Demonstration of Density Currents." Sev 
eral sequences in this film show a releare from a glass- 
walled model of a reservoir in which a density strati 
fication had been established. There is to be seen 
clearly a convergence from both above and below of 
strata having densities different from that of the 
stratum at the level of the orifice through which the 
drawdown was taking place.

It can be reasoned that, in the presence of density 
stratification, there could be expected a difference in 
the response and in the proportionate contribution of 
density layers. The heavier layers near the bottom 
of the reservoir would require a greater lifting force 
than would be the case in a homogeneous reservoir. 
As the amount of drag exerted between two layers is 
related to their viscosities, the resistance to uplift or 
convergence exhibited by a reservoir that is stratified 
by densities primarily due to temperature would be 
influenced also by the viscosities corresponding to those 
water temperatures.

Our search for an understanding of the withdrawal 
of water from a reservoir is affected by still another 
complicating factor: the rate of change of water tem 
perature in relation to rate of flow within the reservoir, 
both horizontally and vertically. Figure 41 of the 
electric-analogy studies shows a division of the stream 
tubes by the isochronic lines, such that the areas of all 
divisions are equal. The shape of the isochronic lines 
shows that the distances to be traversed by a unit 
quantity of water from lower depths are shorter than 
at the surface, which means that rate of flow of unit 
quantities at greater depths is lower than at the sur 
face. As the unit quantities from lower lying layers 
rise slowly toward the surface, they attain levels that 
are characterized during most of the year at Lake 
Mead, by higher temperatures. As mentioned previ 
ously, a rise in temperature is accompanied by a decrease 
in viscosity, which results in lessening the difference 
between surface and lower layers.

The velocities of unit quantities inioelled by the 
withdrawal are not the only velocities which that unit



WITHDRAWAL OF WATER FROM LAKE MEAD 67

quantity may possess, as it may be subjected at vari 
ous times to velocities, possibly possessing an opposite 
algebraic sign, that are due to the general seasonal 
circulation pattern of the reservoir, and, if near the 
surface, to wind effects. Whatever all other velocities 
may be, it is clear that there must be an average net 
velocity of the reservoir sufficient to supply the volumes 
of water demanded by the rate of withdrawal.

A transect was drawn on a topographic map of 
Boulder Basin on a bearing of N. 60° E. and passing 
through the point, latitude 36° 04', longitude 114° 45'. 
The length of this transect at water surface elevation 
1,174 feet was about 5.5 miles, by no means the greatest 
distance across Boulder Basin. The cross-sectional area 
of the water, above the sediment deposit as determined 
by the Comprehensive survey of sedimentation in Lake 
Mead 1948-1949, (Smith, Vetter, Cummings and others, 
in preparation) was determined below elevation 1,174, 
the average Lake Mead elevation for the period of the 
study. In order to supply the 19,200 cubic feet per 
second being withdrawn, the average velocity of the 
flow at that transect would be 0.002 foot per second. 
This rate of flow should be taken hi to account in relation 
to the rate of heating of the unit quantities as they 
converge to the point of discharge.

An assumption used in this electric-analogy study 
was that the approach channel to the weir and to the 
submerged slot was straight and rectangular in cross 
section. Both of these assumed characteristics are 
approximated at Hoover Dam by Black Canyon, which 
is immediately upstream from the dam. The morning- 
glory spillway was assumed to be in the center of a 
circular basin.

In the weir and in the submerged slot, convergence 
of flows was assumed to take place only vertically. 
In the morning-glory spillway, both lateral and vertical 
convergence would take place. However, in order to 
sustain the rate of discharge, 19,200 cfs, there would 
have to be both lateral and vertical convergence 
within Boulder Basin to supply flows to Black Canyon 
and thence to Hoover Dam.

In view of the complexity of the system, it is doubtful 
that that a conception anywhere near the truth is 
attained by attempts to infer what the sources within 
the reservoir are that make up the withdrawal, using 
temperature of the waters as the single index of their 
sources. If a radioactive-tracer technique were to be 
developed and applied to a large reservoir, it might be 
possible to ascertain the makeup of reservoir with 
drawals.

Muskat (1946) develops the general relations for the 
classical hydrodynamics of flow, wherein pressure 
gradients, external body force, and internal resistive

forces of the fluid are all considered. He concludes his 
discussion with the following statement (p. 127) :
. . . Even a cursory inspection of treatises on hydrodynamics 
will disclose that except for certain cases of relative^ simple 
geometry the mathematical difficulties in the solution of the 
classical equations are quite unsurmountable . . .

However, some qualitative idea of the nature of the 
interactions in a reservoir possessing a stratification in 
both density and viscosity might be attained through 
carefully designed model investigations, without at 
tempting immediately the ultimate in rigorous mathe 
matical solutions. Model-prototype comparisons of 
the results of such studies would be informative.

In summary, field experience, practical observation, 
and all of the very limited literature, computations, and 
model studies available to us up to the time of writing 
indicate that, once a steady state is established, the 
withdrawals of water from a reservoir consist of contri 
butions from the whole of the reservoir, yet it appears 
reasonable to infer that, in a reservoir possessing density 
stratification and a circulation pattern, there vould be 
some unknown departure in the proportionate contribu 
tion of the various layers as compared with the equal 
contributions from all layers under homogeneous reser 
voir conditions, and that the contribution of the top 
most layer would be far greater than indicated for the 
homogeneous condition for weir discharges f,nd less 
than indicated for submerged slots.

ENGINEERING ASPECTS OF WITHDRAWALS' FROM 
THE SURFACE OF A RESERVOIR

Assuming that density stratification might favor an 
increased proportional contribution from the surface 
layers, it seems reasonable to suppose that an increase 
in length of weir and a reduction in the head on the weir 
would yield an outflow containing more of the surface 
waters.

One way of increasing the length of a weir is to use a 
morning-glory spillway which does not depend upon the 
dimensions of the dam or upon topography at the dam 
site for allowable crest length. The use of a number of 
morning-glory spillways would make it possible to 
reduce the time of travel of surface waters to tl e points 
of outflow, thus tending to reduce the rise of tempera 
tures of the surface waters. As shown in figure 43, the 
ever-expanding hemisphere supplying the volume of 
flow results in a reduction of velocities of unit quantities, 
so that at some distance the outflow velocities of surface 
waters become imperceptible.

The pursuit of this concept leads to the consideration 
of a system of morning-glory spillways, each of which 
would be, in effect, a hydrodynamic sink. T e effect 
of adjoining sinks is to change the equal potential
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surfaces from hemispheres to oblate spheroids, then to 
disks, as the vertical distance from the sink is increased. 
The change in isochronic lines may be obtained from 
figure 43 by rotating the pattern 90 degrees counter 
clockwise. After rotation, the water surface of the 
drawing becomes the vertical axis of the sink, and the 
reservoir bottom becomes the vertical line of symmetry 
between adjacent sinks, which would need to be 800 
feet apart. Such a system of sinks would result in 
increasing the ratio of waters from the top 25 feet to 
total withdrawal from about 8 to about 10 percent, in a 
homogeneous reservoir.

As the practical problems involved in the accomplish 
ment of such a system of morning-glory spillways, ad 
justable over an operating range of 100 feet or more 
and connected by a system of insulated conduits to 
supply the penstocks, are fantastic in relation to the 
very small gain in theoretical effectiveness, the remote 
ness of economic feasibility of such an approach becomes 
evident.

It should be recalled that the withdrawal over a wen- 
would, under homogeneous reservoir conditions, dis 
charge only part of the surface layer in the outflow. 
As discussed previously, it is reasonable to expect that 
in a density-stratified reservoir, the actual contribution 
of the surface layer might be greater. In the absence 
of techniques capable of yielding a quantitative answer 
as to the temperature of the water which would remain 
in the lake if all withdrawals were made with weirs at 
the surface, and in view of the fact that the relation of 
water temperature to evaporation is nonlinear, no at 
tempt is made to express just what fraction of the 
theoretical saving might be attained in actual practice.

For a reservoir in the design stage, it might be fea 
sible to consider construction of several types of dis 
charge structures for withdrawal near the surface. A 
series of intake towers might be built with provision 
through numerous gates for withdrawal at any desired 
reservoir level, from the maximum reservoir surface 
elevation downwards.

A series of drum gates, or some similar type, could 
be installed to perform as a series of weirs. Such gates 
or systems of gates would need to span the operating 
range of elevations of the reservoir, and there would 
have to be a collection system to convey the overflow 
of the weir system to the outlet works or to the power- 
plant. There would have to be provision for the col 
lection of surface floating debris to provide for the pro 
tection of turbines and other structures, a problem that 
is simplified by installation of subsurface intakes.

During those tunes of the year when the reservoir 
would be homogeneous with respect to temperature, no 
appreciable reduction of evaporation loss can be ex

pected to result from withdrawals over a surface weir, 
in contrast to withdrawals from lower depths.

Whatever saving is attained at one reservoir would 
not be a net saving. If surface waters from a reservoir 
were to be discharged into the downstream reaches, 
evaporation in those reaches (including any reservoirs) 
would be increased because of higher water tempera 
tures.

WITHDRAWALS FROM LAKE MEAD

Discharges from Lake Mead are usually made through 
four towers which take the water to the powerplant 
and to a series of valves. Except during unusual floods, 
nearly all outflow from Lake Mead goes through the 
powerplant. Each of the four intake towers has two 
gates for withdrawing water. The plan for operation 
of the outlet gates at Hoover Dam, v^tiich has been 
followed, provided for releasing all water through the 
upper gates in the intake towers (sill elevation 1,04.5 
feet) when the surface of Lake Mead was above eleva 
tion 1,175 feet, and for the use of the lower gates (sill 
elevation 895 feet) only whenever the surface of Lake 
Mead was below elevation 1,175 feet. The fourth and 
last of the lower intake tower gates was scheduled for 
modification in the fall of 1955 to peririt operation of 
the lower gates under full reservoir pressure. When 
this has been accomplished, it is contemplated that all 
future releases of water for power will be made through 
the lower gate openings.

Considerations influencing the adoption of the plan 
to make future water releases through the lower gates 
include the following:

1. The water used for cooling the generator and 
transformer equipment at Hoover Dam is drawn from 
the tailrace and penstocks. Experience gained when 
the upper gates have been in use indicates that the 
warmer water (at about 64 °F as compared with 
about 54°F when the lower gates are in use) caused a 
noticeable reduction in cooling efficiency. If water in 
the penstocks were to be drawn from the surface of 
the lake, supplemental cooling equipment would be 
required in some instances where present cooling 
equipment cannot accommodate a larger quantity of 
cooling water, to avoid reduction of the electrical 
capacity of the generators and transformers. An al 
ternative arrangement would be to provide a separate 
source of cooling water from lower levels of the lake.

2. Experience gained in 1949 and in 1952, when 
only the upper gates were used for expended periods, 
indicates that sediment is deposited around the lower 
gates and in the seats of the lower bulkhead gates in 
sufficient quantity to cause difficulty ir the seating of 
bulkhead gates. It is therefore believed likely that
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the lower gates might be rendered inoperative if they 
were not used for an extended period.

3. Many complaints have been received from person 
nel of the Fish and Game Commission of Nevada and 
other sportsmen's groups, and from fishermen interested 
in the Colorado River downstream from Hoover Dam, 
after the change in use of the lower to the upper gates 
was made, because of alleged injurious effects upon 
trout below Hoover Dam. That change resulted in an 
increase in the water temperature below Hoover Dam 
of 8° to 10°F. Prolonged release of warm water could 
conceivably result in elimination of trout from the 
upper reaches of Lake Mohave. Additional evidence 
of the effect on fish life of change in water temperature 
downstream from dams is the fact that release of 
water from Shasta Lake, on the Sacramento River in 
California, at much lower temperatures than those 
which prevailed before the dam was built, has resulted 
in a substantial increase in the salmon run.

The results of the Lake Hefner studies (U. S. Geol. 
Survey, 1954a) and of the Lake Mead water-loss in 
vestigation, which is described in this report, all indi 
cate very clearly that most efficient storage, insofar as 
evaporational loss is concerned, is in reservoirs having 
a minimum of exposed surface area in relation to 
volume of water in storage. Project planners, although 
recognizing that this is but one element to be considered 
in the over-all project plan, strive to select those reser 
voir sites which will give the largest volume of storage 
coupled with the smallest exposed surface area.

However, practically no freedom of action is avail 
able to the Bureau of Reclamation to reduce appreci 
ably by reservoir operation the magnitude of evapora 
tion losses from Lake Mead, owing to the nature of 
the reservoir and the facilities available at Hoover 
Dam, and owing to the multiple-purpose demands 
upon the waters discharged from this reservoir. The 
suggestion might be made to draw the reservoir down 
at an accelerated rate during low-temperature periods 
in order to have a lower level with a smaller exposed 
area during the hottest part of the year. Such an 
operation would be in direct conflict with the cyclic- 
carryover storage concept upon which the reservoir 
was built, as the capacity of Lake Mead exceeds twice 
the available annual inflow of the Colorado River 
during recent years.

Anderson and Pritchard (1951, Appendix F, p. 101- 
153) present temperature and salinity data for 12 
cruises. Their report includes a detailed description 
of the circulation in Lake Mead for each of the cruises. 
Howard (in Smith, Vetter, Cummings, and others, 
in preparation) gives the salinity data for the Colorado 
River below Hoover Dam for 8 of those cruises. Water-

temperature data for the Colorado River below Hoover 
Dam are available in the Bureau of Reclamation's 
operational records of the Boulder Canyon Project. 
Data pertaining to only 4 of the cruises III, VI, 
VIII, and X were found to be sufficiently complete 
for use in an analysis aimed at finding the source of 
waters being withdrawn from Lake Mead. Only the 
data at Hoover Dam, identified as cruise station 1, 
about 300 feet upstream from the dam, were used.

Anderson and Pritchard's temperature data, obtained 
in depth from one lowering, in general are given by 
25-foot intervals for the first 100-foot depth and by 
50-foot intervals below 100 feet. Their salinity data, 
expressed as parts per million (ppm), are given usually 
for six depths not corresponding, in most cases, to the 
depths of the temperature data. For this analysis, as 
the maximum depths of the data were around 440 feet, 
the reservoir was considered as being made up of 11 
layers, each 40 feet deep. Anderson and Pritchard's 
data were plotted on figure 44, the curves of which 
were used to yield interpolated data at the nicldepth 
of each of the 11 layers, on the assumption that the 
middepth value would best express the characteristic of 
each layer. Anderson and Pritchard's data and the 
interpolated value for temperature and salinity are 
given in table 27.

The assumptions underlying this analysis are the 
same as those used in the electric analogy study, princi 
pally that the reservoir is homogeneous and that with 
drawal is from still water at constant level. Under 
such conditions the flow pattern, neglecting lateral 
convergence to the point of discharge, should be that 
shown in the electric analogy figure 42 for the sub 
merged slot. In that case, the outflow should be the 
average of 11 layers, all of which, in a rectangular 
section, would be making equal contributions to the 
outflow.

The results given in table 27 are discussed by cruises:
Cruise III, April 28, 1948. Transitional winter-to- 

spring lake condition. Lower intakes. The average 
of the interpolated salinites was 682 ppm, assuming 
that all layers contributed equally to the outflow. The 
salinity value corresponding to the depth of the point 
of withdrawal was interpolated as being 689 ppm. 
However, the observed salinity of the outflow was 666 
ppm, a value that is less than any of the samp^s taken 
above Hoover Dam, thus rendering this result incon 
clusive. The computed average temperature was 
53.2°F, the observed outflow temperature was 53°F. 
Temperature corresponding to depth of withdrawal 
was 51.7°F. This would indicate mixing of contri 
butions from various layers, with shallower depths 
contributing more than their expected proportion.
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Cruise III
April 28, 1948

page 106*
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Cruise VI Cruise VIII
July 24, 1948 Sept. 29, 1948

page 121* page 131*
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Crui:-e X
Nov. 3C, 1948

page 140 *

100

200

300

400

600 700 400 500 600 700' 500 600

SALINITY, IN PARTS PER MILLION

700 500 600 700

 Page numbers nfer to data source: 
Anderson and Pritchard, 1951

FIGURE 44. Temperature and salinity, Lake Mead, at station 1, Hoover Dam.

Cruise VI, July 24, 1948. Transitional spring-to- 
summer lake condition. Upper intakes. The average 
of the interpolated salinities was 614 ppm. The ob 
served outflow salinity was 646 ppm, and the salinity 
interpolated at level of discharge was 637 ppm. The 
average of the interpolated temperatures was 59.6°F, 
the observed temperature was 61 °F, and the tem 
perature at depth of withdrawal was 68 °F. This 
cruise would indicate a greater proportionate contribu 
tion from the layers of higher salinity, and almost 
equal contribution from all layers insofar as temperature 
might be an index.

Cruise VIII, September 29, 1948. Summer lake 
condition. Upper intakes. The interpolated average 
salinity, 611 ppm, and the observed salinity, 612 ppm, 
are about equal, although the close agreement is no 
doubt coincidental. As the interpolated salinity at 
the level of withdrawal was 577 ppm, this would in 
dicate that all levels from the reservoir are contributing 
equally to the outflow. The average of the interpolated 
temperatures is 58.9°F, observed outflow was 64°F, 
and temperature at level of withdrawal was 61°F. 
This could mean that the surface layers were con 
tributing more than then- proportionate share of the 
outflow.

Cruise X, November 30, 1948. Fall lake condition. 
Lower intakes. The observed outflow salinity was 
678 ppm, whereas the average of interpolated salinities 
was 625 ppm and that of level of withdrawal was 665 
ppm. This would indicate a greateMhan-average 
contribution from the lower lying, more saline layers of 
the lake. The average of interpolated temperatures 
was 56 °F; observed outflow temperature was 52°F, 
and that of level of withdrawal was 52.7°F. This 
would indicate the same trend as the salinity con 
tributions for this cruise that lower layers are giving 
a little more than their expected share.

The change of temperature of about 9 degrees when 
discharges are changed from one level to the other at 
the intake towers appears to depend, in the analysis 
of these four cruises, upon the temperature profiles 
of the lake. However, it has been observed that a 
change of temperature takes place with changes of 
intake level even when the reservoir temperature 
profile is changing very slowly. No exact explanation 
can be given for this now, though it indicates that con 
tributions to the outflow are not exactly in accordance 
with hydrodynamic concepts, the denser layers near 
the bottom contributing more than their expected 
share.
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A comparison of the averages of temperatures for 
cruises III and X when the lower intakes were in use, 
and cruises VI and VIII when upper intakes were in 
use, shows no great differences, though the average 
head of water for the operation of the lower intakes was 
270 feet as compared with the head on the upper in 
takes of 141 feet. From the temperature data, one 
could draw two conclusions: (1) that all levels con 
tributed almost equally, or (2) that all withdrawals 
come from only one layer at the level of withdrawal. 
In the light of the discussion of hydrodynamics pre 
sented previously in this chapter and the model stud 
ies performed at the California Institute of Technology, 
the second conclusion seems hardly tenable. The 
averages of salinity for the two groups are of 110 help in 
indicating a trend.

There is a possibility that the data gathered at 
Hoover Dam might not be indicative of the pattern of 
the outflow from the reservoir because of the proximity 
of the points of sampling to the outflow structures. To 
investigate this, temperature data for station 2, at the 
upstream end of Black Canyon, for cruises III, VI, 
VIII, and X were analyzed in the manner of the data

for station 1, described in detail in the preceding 
paragraphs. Station 2 data are plotted on figure 45, 
and the analyses are given in table 28. The results are 
about the same as for station 1, with the exception of 
cruise VI, for which there was a considerable tempera 
ture difference with depth in the upper 200 feet of the 
reservoir. This difference apparently was due to a 
local circulation pattern, rather than to convergence of 
streamlines.

The reports on the Lake Mead density currents in 
vestigations present voluminous data on temperatures 
in Lake Mead. Table 29 gives analyses for 5 samplings 
in 1943 and 1944, when Lake Mead was full, at eleva 
tions of about 1,200 feet. Three of the samplings were 
made at Hoover Dam, mile 354.7, in 19*3; 2 samplings 
were made at mile 353.5, about 1 mile upstream from 
the dam in 1944. Concurrent data are not available 
for both of these sampling stations. Temperature and 
bicarbonate content data, where available, are plotted 
on figure 46. The results of these analyses are on the 
same order as were those of the cruises. Again there 
is no difference between the meaning of the analyses at 
mile 354.7 and those at mile 353.5.

TABLE 28.  Temperature characteristics of withdrawals from Lake Mead, in 1948, at station 2, Black Canyon

Analysis of data 
[Observational data from Anderson and Pritchard, 1951, appendix F]

Nominal depth 
below water surface 

(feet)

0 
20 
60 

100 
140 
180 
220 
260 
300 
340 
380 
420

Cruise III, April 28

Observed'

Depth 
(feet)

0 
25 
50 

100

200

300

400
429

Tempera 
ture (°F)

57.3 
56.3 
54.6 
54. 1

52.9

51. 4

51. 2 
51. 2

Interpo 
lated

Tempera 
ture (°F)

56. 6 
54. 4 
54. 1 
53. 5 
53.0 
52. 5 
51. 9 
51.4 
51. 3 
51. 2 
51. 2

Cruise VI, July 24

Observed

Depth 
(feet)

0 
25 
50 

100

200

300

400 
450

Tempera 
ture (°F)

80. 6
78.7 
76.8 
67. 1

53. 6

52. 2

51.9 
51. 9

Interpo 
lated

Tempera 
ture (°F)

79.0 
74.4 
67. 1 
61.0 
55. 9 
53. 1 
52. 6 
52. 2 
52.0 
51. 9 
51. 9

Cruise VIII, September 29

Observed

Depth 
(feet)

0 
25 
50 

100

200

300

400 
442

Tempera 
ture (°F)

76.6 
75. 1 
74. 8 
68. 4

53. 5

52.0

51.7 
51.7

Interpo 
lated

Tempera 
ture (°F)

75.4 
73.6 
68.4 
62. 5 
56. 5 
53. 2 
52. 7 
52.0 
51. 9 
51.7 
51. 7

Cruise X, November 30

Observed

Depth, 
(feet)

0 
25 
50 

100

200

300

400 
427

Tempera 
ture (°F)

62.0 
61. 5 
61. 5 
61. 5

54. 3

52. 5

52. 0 
52. 0

Interpo 
lated

Tempera 
ture (°F)

61. 6 
61. 5 
61. 5 
58. 6 
55. 8 
54.0 
53.2 
52. 5 
52. 3 
52. 1 
52.0

Evaluation of results 
[Additional data from U. S. Bur. Reclamation reports]

Average of interpolated data, assuming equal contribution 
from all layers in reservoir _ °F

Observed data at outflow below Hoover Dam_ °F _
Observed elevation of Lake Mead surface feet..
Depth of water at point of withdrawal, over active intake 

tower sill feet

Cruise III, 
April 28

52. 8
53 

1, 158. 23

264
51. 9

Cruise VI, 
July 24

59.2 
61 

1, 191. 45

146 
60. 3

Cruise VIII, 
September 29

59.0 
64 

1, 181. 03

136 
63

Cruise X, 
November 30

55. 9 
52 

1, 171. 05

276 
53

Averages

Cruises III 
and X (lower 

rntrJies)

54. 4 
52. 5

269. 64 
52.4

Cruises VI 
and VIII (up 
per intakes)

59. 1 
62.5

141. 24 
61. 6
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 Page numbers refer to data source: 
Anderson and Pritchard, 1951

FIGTJKE 45. Temperature and salinity, Lake Mead, at station 2, Black Canyon.
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FIGTJKE 46. Temperature and dissolved bicarbonate, Lake Mead, at mile 354.7, Hoover Dam, and mile 353.5, Black Canyon.
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It is concluded from these analyses that withdrawals 
from a reservoir possessing density stratification, the 
density increasing with depth, would contain some 
undetermined greater proportion from the layers 
nearer the surface than is to be expected under idealized 
hydrodynamic conditions when withdrawals are made 
from the upper portions of the reservoir. Also, under 
the condition of density stratification, there is with 
drawal of a greater proportion of the denser layers 
nearer the bottom of the reservoir than is to be expected 
under idealized hydrodynamic conditions, when with 
drawals are made from the lower parts of the reservoir. 
An inspection of the tables shows without exception that 
an assumption that withdrawals might consist only 
of those density strata lying above the level of the 
outlet structure is untenable; otherwise, the outflows 
would have been at temperatures much higher than 
those which have been observed.

SUMMARY OF WATER WITHDRAWAL

Field experience, practical observation, and all of 
the very limited literature, computations, and model 
studies available to date indicate that, once a steady 
state is attained, the withdrawals of water from a 
reservoir consist of contributions from the whole of 
the reservoir. Under idealized conditions each unit 
depth of the reservoir would contribute equally to the 
total withdrawal. It cannot be stated, based upon 
knowledge available at time of writing, exactly what 
influence density currents and density stratification 
would have upon changing the proportionate contri 
bution of each unit depth. In a stratified reservoir 
density differences due to temperature also possess 
different viscosities, and density currents, whether 
due to temperature, salinity, or turbidity, or some 
combination of all three, have a momentum. It can 
be reasoned on general grounds that withdrawals from a 
reservoir possessing density stratification, the density 
increasing with depth, (1) would contain some unde 
termined greater proportion from the layers nearer the 
surface than is to be expected under idealized hydro- 
dynamic conditions, when withdrawals are from the 
upper portions of the reservoir, and (2) would contain 
some greater proportion of the denser layers nearer the 
bottom of the reservoir than is to be expected under 
idealized hydrodynamic conditions when withdrawals 
are made from the lower portions of the reservoir.

Although the theoretical saving which might be 
attained in evaporation loss through withdrawing of 
only surface waters has been demonstrated hypo- 
thetically, the attempt, beyond that of providing a 
weir, to increase the proportion of surface water to be 
withdrawn would require structures so fantastically 
intricate and expensive as to preclude any consideration

of such an installation at a reservoir the size of Lake 
Mead. The economic justification for withdrawals over 
a weir at the surface would require careful study for 
multiple-purpose applicability to a specific project.

Even assuming that it were hydrodynamically and 
economically feasible to withdraw only the warn surface 
water from a reservoir, other consideration 1̂ would 
tend to mitigate the advantages of such a system in 
over-all project operation. Encroachment of sediment 
deposits near the face of the dam could result in 
impairment of outlet works. The discharge of warm 
surface waters from a reservoir would result in higher 
river temperatures downsteam from the reservoir, 
resulting in unfavorable conditions for certain species 
of fish and wildlife. The reduction of evaporation 
losses from a reservoir due to withdrawal only of 
surface waters would be compensated to soni Q, extent 
by increased evaporation losses from downstream parts 
of the river system, including any reservoirs receiving 
the warmer releases.

As our understanding of the hydrodynamics of with 
drawals from reservoirs possessing density stratification 
and exhibiting density currents is far from complete, 
further investigations of this subject are recommended. 
A hydraulic model investigation of the hydrodynamics 
of withdrawals from reservoirs is being conducted by 
the Bureau of Reclamation.

CONCLUSIONS

By G. EAEL HARBECK, JR., U. S. Geological Survey, 
and MAX A. KOHLER, U. S. Weather Bureau

Evaporation from Lake Mead was determined by 
both the energy-budget and mass-transfer techniques 
for the period March 1952 to September 1953. 
An adaptation of Sutton's equation and Sverdrup's 
1937 equation, both of which gave good results at Lake 
Hefner, were found to be unsuitable for use at Lake 
Mead. Calder's equation for evaporation from a rough 
surface was tested using both the Lake Hefier and 
Lake Mead data, but the results were not encouraging.

The quasi-empirical equation found to be applicable 
to Lake Hefner was further tested at Lake Mead. On 
an annual basis, the agreement between the energy- 
budget results and the results obtained with this mass- 
transfer equation was excellent. It should be em 
phasized that the two methods are, for all practical 
purposes, independent. Mass-transfer results as first 
computed from data obtained at the 8-meter levet 
showed a pronounced seasonal variation, however, pre 
sumably owing to the effect of atmospheric stability. 
It was found that this could be made negligible by the 
use of data obtained at the 2-meter level instead of the 
8-meter level employed at Lake Hefner.
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Evaporation from Lake Mead during the water year 
ending September 30, 1953, was 85.6 inches, equivalent 
to a volume of 875,000 acre-feet. During the entire 
19-month period of observations, maximum monthly 
evaporation of 11.7 inches occurred in August 1952, 
and the minimum of 4.0 inches occurred in January 
1953. Evaporation computed by the methods des 
cribed in this report is gross evaporation. The net 
loss attributable to the construction of the reservoir 
is considerably less, of course, because substantial losses 
occurred in this reach of the river before the reservoir 
was built.

Tests of the CRI, which were begun at Lake Hefner, 
were continued at Lake Mead. The agreement between 
the net sum of certain radiation items as measured 
using the Eppley pyrheliometer and the Gier and 
Dunkle flat-plate radiometer and using the CRI was 
found to be excellent. The variation in these radiation 
items was found to be small over an area the size of 
Lake Mead, as shown by the good agreement between 
records obtained at Boulder Island, Overtoil Arm, and 
Bonelli Landing.

Analysis of wind and humidity profiles obtained 
at Lake Mead confirmed an earlier finding from the 
Lake Hefner data that these two parameters do not 
vary with height in the same manner, although com 
monly assumed to do so by many research workers 
in the field.

Studies of evaporation from pans indicate that 
reliable estimates of annual evaporation from Lake 
Mead can be made by applying a coefficient of 0.70 to 
the observed evaporation from the Boulder City class A 
pan, provided adjustments are made for energy ad- 
vected into the reservoir and for changes in energy 
storage. A second technique, suitable for the deter 
mination of monthly evaporation also, requires measure 
ments of solar radiation, air temperature, humidity, 
and wind speed. A graphical method was devised 
to simplify the necessary computations.

Prior to the Lake Mead investigation, the value of 
about 0.70 as the annual pan coefficient had been 
verified at Lake Hefner, Oklahoma City, Okla., where 
the climate is such that annual air and pan-water 
temperatures are equal and where adjustment for 
energy advection and storage in the lake was not 
appreciable. The Lake Mead investigation also yielded 
an average value of 0.70 for the annual pan coefficient 
for the class A Weather Bureau pan at Boulder City, 
.Nev., but this was due to a combination of circum 
stances. The climate in the vicinity of Lake Mead 
results in pan-water temperatures which average lower 
than corresponding air temperatures and thus would 
imply a relatively low pan coefficient. This effect is 
offset by the fact that the Boulder City pan is at an

elevation appreciably higher than the lake and is also 
in an area where the humidity is affected by local 
watering of lawns. The chapter on pan and lake 
evaporation describes adjustments made to pan ob 
servations to allow for these variations in exposure 
and environment. Differences between annual evapo 
ration computed for Lake Mead by the pan techniques 
and that obtained by the energy budget or mass- 
transfer approaches are well within the probable error 
of these approaches. Therefore, this investigation 
confirmed the usage in both the planning and operation 
of irrigation projects of annual evaporation estimates 
and computations based upon utilization of class A 
evaporation-pan data.

Two methods for the deterniinatior of monthly 
evaporation from Lake Mead on a continuing basis were 
developed. One, an empirical mass-transfer formula, 
requires measurements of water-surface temperature 
in Boulder Basin, wind speed at Boulder Island, 
and records of air temperature and humidity obtained 
at the Weather Bureau station at the Las Vegas airport. 
The other, a modified pan approach, requires records of 
solar radiation, air and clewpoint temperature at Las 
Vegas, inflow and outflow volumes and temperatures 
from records obtained at the Grand Canyon gaging 
station and at Hoover Dam, thermal surveys at the 
Hoover Dam intake towers, and wind speed at the 
Boulder City pan. Of all the data required for the 
two methods, only measurements of water-surface tem 
perature in Boulder Basin and wind speed at Boulder 
Island were not already being obtained as a part of the 
network of hyclrologic and climatologic observations 
in the Lake Mead area.

The two methods are relatively independent. The 
only two items common to both are air temperature 
and humidity, which are to be obtained from the Weath 
er Bureau records at the Las Vegas airport station. 
The manner in which these data are used in the two 
methods is quite different, and a possible measurement 
error would not have the same effect on the two results.

Because of the relative independence of the two 
methods, the close agreement between computed and 
observed results during the period of the Lake Mead 
study, and the absence of any significant seasonal bias 
for either method, it is concluded that the two methods 
should give figures of monthly evaporation from Lake 
Mead that are of acceptable accuracy.

It can be demonstrated that evaporation losses might 
be substantially reduced if it were possib1 ^ to withdraw 
only the warmer water from the surface of a reservoir. 
Studies of the theoretical aspects of withdrawing water 
from Lake Mead indicate that if the reservoir were 
homogeneous, the outflow would consist of equal con 
tributions from all depths, regardless cf whether the
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water was withdrawn at the surface, at middepth, or 
through a morning-glory spillway. Lake Mead as a 
whole is not homogeneous, however, and stratification 
could cause surface withdrawals to contain some unde 
termined larger contribution from the layers near the 
surface. Laboratory studies to determine the effect of 
stratification on withdrawals are recommended.

SELECTED BIBLIOGRAPHY

Anderson, E. R., 1954, Energy-budget studies, in Water-loss 
investigations Lake Hefner studies, technical report: U. S. 
Geol. Survey Prof. Paper 269, p. 71-119.

Anderson, E. 31., Anderson, L. J., and Marciano, J. J., 1950, 
A review of evaporation theory and development of instru 
mentation: U. S. Navy Electronics Lab. Rept. 159.

Anderson, E. R., and Burke, A. T., 1951, Notes on the develop 
ment of a thermistor temperature profile recorder (TPR): 
Jour. Marine Research, v. 10, no. 2, p. 168-179.

Anderson, E. R., and Pritchard, D. W., 1951, Physical limnology 
of Lake Mead: U. S. Navy Electronics Lab. Rept. 258.

Anderson, L. J., 1954, Instrumentation for mass-transfer and 
energy-budget studies, in Water-loss investigations  
Lake Hefner studies, technical report: U. S. Geol. Survey 
Prof. Paper 269, p. 35-45.

Bell, H. S., 1942, Density currents as agents for transporting 
sediment: Jour. Geol., v. 50, p. 512-547.

Bellaire, F. R., and Anderson, L. J., 1951, A thermocouple 
psychrometer for field measurements: Am. Meteorologica 
Soc. Bull., v. 32, no. 6, p. 217-220.

Bowen, I. S., 1926, The ratio of heat losses by conduction and 
by evaporation from any water surface: Phys. Rev., v. 27, 
p. 779-787.

Calder, K. L., 1949, Eddy diffusion and evaporation in flow over 
aerodynamically smooth and rough surfaces: Quart. Jour. 
Mechanics and Appl. Mathematics, v. 2, pt. 2, p. 153-176.

Corbett, D. M., and others, 1943, Stream-gaging procedure: 
U. S. Geol. Survey Water-Supply Paper 888.

Denton, R. L., 1951, A thermocouple voltage amplifier: Am. 
Meteorological Soc. Bull., v. 32, no. 6, p. 214-216.

Dunkle, R. V., and others, 1949, Nonselective radiometers for 
hemispherical irradiation and net radiation interchange 
measurements: Calif. Univ. Engineering Dept., Thermal 
Radiation Proj. Rept. 9.

Harbeck, G. E., 1954, The Cummings radiation integrator, in 
Water-loss investigations Lake Hefner studies, technical 
report: U. S. Geol. Survey Prof. Paper 269, p. 120-126.

Harbeck, G. E., and others, 1951, Utility of selected western 
lakes and reservoirs for water-loss studies: U. S. Geol. 
Survey Circ. 103.

Kohler, M. A., 1954, Lake and pan evaporation, in Water-loss 
investigations Lake Hefner studies, technical report: U. S. 
Geol. Survey Prof. Paper 269, p. 127-148.

Kohler, M. A., Nordenson, T. J., and Fox, W. E., 1955, Evapora 
tion from pans and lakes: U. S. Weather Bur. Research 
Paper 38.

Lane, E. W., and Carlson, E. J., 1954, Some hydraulic engineering 
aspects of density currents: U. S. Bur. of Reclamation 
Hydraulic Lab. Rept. H YD-373.

MacDonald, T. H., and Foster, N. B., 1954, Pyrheliometer 
calibration program of the U. S. Weather Bureau: Monthly 
Weather Rev., v. 82, no. 8, p. 219-227.

Marciano, J. J., and Harbeck, G. E., 1954, Mass-transfer studies, 
in Water-loss investigations Lake Hefner stud'es, tech 
nical report: U. S. Geol. Survey Prof. Paper 269, p. 46-70.

Muskat, M., 1946, Flow of homogeneous fluids through porous 
media: Ann Arbor, Mich., J. W. Edwards Co.

National Research Council, Interdivisional Comrrittee on 
Density Currents, Subcommittee on Lake Mead, 1949, 
Lake Mead density currents investigations, 1937 40, v. 
1, 2; 1941-46, v. 3: Washington, U. S. Bur. Rec'amation, 
3 v., 904 p.

Neumann, J., 1954, On the annual variation of evaporation from 
Lakes in the middle latitudes: Archiv f. meteorologie, 
geophysik und bioklimatologie, Ser. B, Bd. 5, H. 3/4.

Pearson, K., 1922, Tables of the incomplete gamma function: 
Cambridge Univ. Press.

Smith, W. O., Vetter, C. P., Cummings, G. B., and others, 
Comprehensive survey of sedimentation in Lake Mead, 1948- 
49: U. S. Geol. Survey Prof. Paper (in preparation).

Spilhaus, A. F., 1938, A bathythermograph: Jour. Marine Re 
search, v. 1, p. 95-100.

Sutton, O. G., 1934, Wind structure and evaporation ir a turbu 
lent atmosphere: Royal Soc. London Proc., ser. A, v. 146, 
p. 701-722.

Sutton, O. G., 1949, The application to mierometeorolcocy of the 
theory of turbulent flow over rough surfaces: Royal Meteoro 
logical Soc. Quart. Jour., v. 75, no. 326, p. 335-350.

Sutton, O. G., 1953, Micrometeorology: New York, McGraw- 
Hill.

Sverdrup, H. U., 1937, On the evaporation from th? oceans: 
Jour. Marine Research, v. 1, no. 1, p. 3-14.

Sverdrup, H. U., 1946, The humidity gradient over the sea 
surface: Jour. Meteorology, v. 3, no. 1, p. 1-8.

Swed, F., and Eisenhart, C., 1943, Tables for testing randomness 
of grouping in a sequence of alternatives: Annuls Math. 
Statistics, v. 14, p. 66-87.

Thomas, H. E., 1954, First fourteen years of Lake Mead: U. S. 
Geol. Survey Circ. 346.

U. S. Bur. Reclamation, 1941a, General features, Pull. 1 of 
Boulder Dam Project final reports pt. 4, Design and con 
struction: Denver, Colo., U. S. Bur. Reclamation.

     1941b, Boulder Dam, Bull. 2 of Boulder Dam Project
final reports pt. 4, Design and construction: Denver,
Colo., U. S. Bur. Reclamation. 

U. S. Geological Survey, 1954a, Water-loss investigations Lake
Hefner studies, technical report: U. S. Geol. Survey Prof.
Paper 269. Previously published as U. S. Geol. Survey Circ.
229 (1952) and as U. S. Navy Electronics Laboratory Rept.
Rept. 327.

     1954b, Water-loss investigations Lake Hefner studies, 
base data report: U. S. Geol. Survey Prof. Paper 270; also 
pub. as U. S. Navy Electronics Laboratory 328.

U. S. Weather Bureau, 1953, Wind patterns over lover Lake 
Mead: U. S. Weather Bur. Tech. Paper 22.





APPENDIX



oocototototototototototo

Oi C" Cn Cn O5 Cn Oi Cn Cn Cn Cn f^. Cn CO Cn i^. to Cn Cn f^. f^. i

OCOH-UitOtOGCCOCOVIOOCOCiH-'COOCecOCiGeGeCi^IOcOGei-'GO

. 
mGOCOCStOOi^ICitOtOOt  CO

Oi Oi 
tO CO 
Ci GO cOCO-<ItO-<ICitOOrfi-rf'-COCOCO-<IOCet-*COOtOCnCnCnOCOOi  'O

Cn Cn Cn Cn f£. Oi Cn Cn cn *»  Cn Cn rf»- Cn Cn Cn Cn Cn C" f^- Oi 4^- Cn Cn Cn O5 Oi Os

00 CO Ui CO tn Oi ̂J Oi GO ̂J tn Oi ̂J O Oi IO CO CO Oi f^. t  CO ̂J GO CO Oi O Oi ̂J

tt-* h4- ^ Oi Cn
'COtOCOh- 'rfiOi-<I-<I-<I-<IGOGOOi *CO 

CnOiCOGO^.OitOtOCOGOGOGOtO^.rfil-'COOCOOtOOiOiO 00

lOtOCOCOCOCOCOH-COtOCOCOCOCOH- tOtOtOCOCOCOtOH-COCOCOCOCOCO

tOtOtOtOtOtOtOI-'COtOtO t-'i-' H-lOtOtOtOlOlOtOtOt  tOt COtOCOtO
^HO^JOi^ICOOiOiOCO^lGOOSOGOtOGOGOOOOOGOGOGOGOCOGOCOOGOOOi

cococococococotocococotototototocoiot  tototocotototo

COtOCOCOCOCO

O5OiOiOiOitOOi->JOiOiCnOiCnO5O5O5O5O5 
COO'f^.COCO 

f^. GOOi Oi O CO H- O COCO ^1 O GO CO Oi t 

cocooi^jt  coco^-O'Oitocoo^ioscoGo

^J ̂J GO GO ̂J GO GO GO ̂J GO ̂J VI O5 ̂J ̂1 GO GO GO Oi ̂J GO ̂1 GO ̂J O5 01 ̂J ̂J GO O5

GOOiGOGOCOOt-'lOcOVlGOCOl  'GOGOOOOiCOOH-COCOOitOGOOf^-t-'OO

GOCOOOO^-OitOCOGOH-tOCOOiOSCOOiVtOOiOOiH-OiH-f^.H-tOO'l-'tOCn

tOtOCOtOOi

warn08



COCOtOtOtObOtObOtOtOtOtO

OS O5 OS Cn OS O5 Oi O5 Cn Cn Cn Or Cn O5 Cn O5 OS O5 Cn Oi OS O5 O5 O5 O5 O5 O5 Or Or O5
-qcOM*.cOH-'OH--1OCOCOCnOOCOO^I^ICnO^IOOi-'COO #cOCOtO4i.^IcOi-'
O h-> -<l Cn CO 00 CO --} CO O5 ** CO 00 CO Cn t£> 00 h-> Cn CO CO --} ^ CO 00 00 CO I-1 CO CO

B I

00 00 00 00 00 00 00 00 00 00 00 -4 ̂J -q ̂J ̂J  <! ^J ̂J -4 ̂J 00 00 00 -4 -4 ̂J
OOtOOlOOOh->OtOO^l^I * * *O5COh^CiO5COO5^IO^OCOOOOO
H-'Cil-'^OOOTOtOOJl-'COOOOO OOCOCOCOCOOTCOCOCitOCiCOtCOJ

000000 CO CO CO CO 00 00 00 00 00 CO 00 00 ^J ^J ^J ^J ^1 00 00 00 00 CO CO 00 00 00

^JOO 00 0000 00 0000 0000 00 00 00 0000 00 0000 00 00 0000 CO CO 00 COOO 0000 00 00 
CO ^^ CO 00 CO CO ^J Ol Or ^1  ^l CO CO "^1 ^1 OS "^1  v| O5 CO h-1 h^ CO CO CO CO CO O^ f£* tO tO 
CnOOCOCOCOOOOTOJOOOOCOCOOOOO^lOl-'^OTCOCOh-'OOCOl-'Orf^OTOTO

h-> O5 H-> O5 O CO CO Or ^J CO -qCOOJ OOO H^ Or OHO O5 CO CO O O 00 ^J I-"

Ci
Cn *
O CiCOOOO^IcOOTCO^JtOCOOOOCO^ItOCOCOCOOCOOOtOi-'

OCOCObOCnCOOJh-'Orf^OcJJCOOObO^OTOCOOCOOCOh-'COcO^IOOOOOi-'

00 CO CO CO 00 00 00 00 00 00 00 00 00 00 00 00 CO 00 00 00 00 00 00 00 ^1 00 00 ^J ^J
OOt-'H-'OCOCOOOCO-J^IOi-^I * *Oi-<lOiOOI  'O5COOi-<ICOOitOCOOOCO^M^
Or h-> CO ^J CO to Oi CO h-> 00 CO 00 O H-1 O Ci t^ h^ CO ^J 00 CO O ^ItO Cn Or CO h->

* * OS CO -a OS ^1 CO ^J 00 00 OS O CO Or ^J CO *OOOOO
tOCOtOCOO tO^O^Ji-'OcOtOOCOOO^IOSOS OOOOOOCOOOh-'O

T8



i i t i >

I I I I

H-H-h-'H-h-'H-l-'tOtOtO
  to oo ̂ en p ̂a po co p H-1 to

ih-iH-H-h-'l-'l-'H-H-tOtOtOt-OtO
  to to co ji^ p M po jo p H-

tO tO po po Cn pi 00 JO p H- l-O ^ <l JO

t-OtOtOtOtOt-OtO

B "*
di r>*

tO tO JO tO tO tO DO CO DO CO CO DO DO DO CO DO DO ̂ £»

H- H- H- H- H- H- I-* h-* h-" H- h-" tO tO tO tO tO tO tO tO tO tO tO tO tO 10 tO

  H-H-GOh£.CnCi~4cOCOcOOitOtOCOOOCOCOtOtOOO

1 N1 N1 .t0 .to N1 N1 N1 .w to to co co ̂ .^

to to to to to to to i-o co co ̂. ft*, p ps ̂a <i M <i

'H-'H-'H-'H-'H-'H-'H-'H-'H-'H-'H-'H-'H-'lOtOtOtO
1 10 tO tO tO to CO DO rf*. Cn p ̂1 00 JO H- to DO DO

1 H^1 H-1 H^1 H^1 H^1 h"1 H-1 H^1 H'1 H^1 ) L H^1 H"1 H^1 H^1 H-1 H^1 H^1 H^1 tO tO tO tO tO
JO tO tO tO tO tO tO tO .tO tO tO DO DO ̂ Cn p ̂1 00 JO p tO Cn 00 JO

'H-'H-'h-'h-'H-'H-'I 'H-'H-'H-'H-'H-'H-'H-'H-'H-'H-'H-'H-'tOtOtOtOtOtO

to to to to to .to to to to to oo oo po ̂ cn pi ̂i oo jo p to en s <i <i

  to to to to to to co co ̂ [);». en p <i po jo p to .^ en cn en

saiani-s avaw SSVT: :



APPENDIX 83

CO

H

pq 

H

Average wind speed (knots) at indicated height

O

1
o. 
§

 4-3

OJ

1a
<̂Xi 
"5

y-
a> 
bo
C3 
!-,

> 
-Ij

a
% a  d
OJ ~C3

5
"8

6
£a

1 a
1 
'I
a)

2 
 <

bj o-r)
2fl
"3 03

|3

Virgin Basin barge

Boulder Basin 
barge

&*. 
» 2a

£VHI®^"2
a

S «-s 
a
!_t"I

Of 
ft S-* 4J

ing
EH

IB-
1^

l«c
"S^3 05
ofe f 
PT

.s « ?5c 1^ bfl 

j^l

l-ss
"3 S § o n ^

Temple Bar 
raft

Overtoil Arm raft

Boulder Wash 
raft

Virgin Basin barge

Boulder Basin barge

2 meters

2 meters

1<ua
<N

8 meters

2 meters

8 meters

2 meters

 £:2 
£l

-1 
O.S

«| 
£l

>>£>

fil
-u ,Q

£1

b|ol
^j rt

>3
J^X!

51
-»-s ^2 
^^ 
t> a
i>X!

-1

fil

4J J2£.'3
&£>

X-Q

ol
+^X! 
OJ'-J^5
b|
05

<D 

03

p

Oit~C5'*»OiOl--OcO'H.

OfNt^iOCDi-HOS^'OC
i  1 l-l T-H 1-H <>

TtHi-it^Ttiidosodcooit-
i-H l-H i-

coOb-OiOiooib-o--
r- 1 i-i i-H r-5 IN IN l-i 1-i IN £>

I I
1 1 
1 1 
1 1

GO oo 10 o 10 co oo Oi TP
i-Hi-Hi-H<N<M<Ni-HOi-H

I
I i

I i 
i I 
I i

co^Nts-os^-Hwa

00.-HIN .-HiOOiOO C0031T

t^» "^ ^H CO !>  C"*" !>  CO !>  OC

OOCQOO^COOOOOOJ>

i-Hoocdi-Hcoioioadocs

O O 00 O i  I O i  i i  I ^

b- ^ CO CO t  tv tv CO J>-

. .

<* 03^ -^ -^b-

» lO CD IO t~  t 

OS IO CD  * OOO

O i-i IN CO O5 i-5
i  1 i  1 i  1 i-H

O *tHN IO OOC5

00 CDb- lOt^b-

(N ^ IN CCS O OO

i-i i-i IN CO O O
i  1 i  1 l-H i-l

^(NCO^^CDb-OOOTO

H ir

>C 1 1-

:>c\
  o 
^

4

1

^*

-^ 

 ^

)cr.

C 

1C

C

O!

i  1

IO

0

0

co
IO

CO

o

^

3 O1

>(>
4 T-

|C£

ic
 ^

cr
i  
i 

IT

C 

cC

i  

o-

IN

IO

^

0
l-H

00

IO

0

0

IN

30005^COOOb-rJHi-(C00005CDiOOCDi-((N'sh'-l

i os !> ' CD co id t>-' id -^ t^ -^ id CD' CD' t>.' ^' co t>^ o rj5

5 od cd id i-i id ^' IN <N' »*' IN id id id id co IN id t^ co

ThOSb-INCO^cDCDCDb-^COi-HCDCOOllNb-b-

1-1 i-i I-H i-5 IN IN i-i 1-1 i-i i-i 1-1 IN <N IN IN CO ^' CO CO

OO OO OOlO i CD  * OO OO OO i-l

i-l i-H T-H IN I CO IN G> IN CO ^'
i  1 l-H i  1 i  1 1 l-H i  1 l-Hl-H 1  1 i  1

00 10 0 05 00 IN .-H_Tt< OOb-CD^iOOO(NiO(N^b-

^Hl-HlNl-Hl-HlNINl-HOOOl-Hl-HININ'CO^^ld

C5000iOb-03-*^CO-rHt^OOiOCOOOOOO^Hi-H

i  1 i  1 i  1

OOOOOOOCDiOCO^^INb-OCDCDOOOCOCDiO

oJO"OocoTHi-HOs'osodiN'idio'ididr--'O5oi

-t1 IO i-l I IO C5 OO CD O IN 

CO O3 CO r O OS 00 00 O i  5

IN IN O  * IN 't1 IN O 1-1 
I ......

O COCO I CD IO IO  * lO CD

1
OOc0030300(N^(NOOb-(NOO-rHb-OCDOOO

lOiOt-cOcO^t-COIN.-.INcOOOOOOOSO.-ii-!

OOi-HOOINCDINO^OOiOOSOOOTtiOOOsO

oo5i-ii-HOc6'toodt3dt^(Ncdidcdidi>oiod
1-H i  1 1-1 1-H 1  1 1  1 1-H

CO t^-rHCDCDlOOOC003"*-shOS05lOCD

 *' t^ b-' CO <N' IN IN t^ 00 OS 00 00 O i-H O
1  1 1  1 1  1

CO t-t-INThOSt-iOOOOOOINCOINi-H

oi (NcooodododiNcdidcDio't^cJod
i  1 i  1 l-H i  li  li  li  li  li-HINi  1

03 10 <N Tt«N IN 0 "* 00 00 i-H CO 0 Tin I-H CO

i-H I I i-H i-H i-H

(N cOt^iO^CDi-Hb-^^(NOSOSt-OSb-

o IN IN co o od os od IN id id cd TH cc oo' CD"

CO^^CDb-OOOTO^fNCOIH^CDb-OOOSO^ 
I-H IN IN (N IN IN IN IN IN IN IN CO CO



84 WATER-LOSS INVESTIGATIONS: LAKE MEAD STUDIES

o 
O

.3

Average wind speed (knots) at indicated height

6

£
3

Is
a 

1

S3

1
I*

Is
i* 
®»fe>

<!

1
1  o
s
8

1 
« 

p
£ 

Ba s
'3

1 
fe ><1

JUTS 
2gs^o Km M

Virgin Basin 
barge

a
03m »
. M

II
Om

*s
CO g

c

iS3f< a

ij <»*^ 
g

 1
&̂(-« e <s"a 
gm2 
^
c °S« 

£32 
0
fcj

 S-SU 
lt?2 m 1"

d d c 'SI'S g> 
.is <s a >m.o

in
Temple Bar 

raft

Overton Arm 
raft

Boulder Wash 
raft

Virgin Basin barge

Boulder Basin barge

§
C-)

2 meters

2 meters

8 meters

2 meters

8 meters

1
§

IN

 g-0g'3 
Is .a

>>£>

51
 g.Q

fer'S 8s «

>>fi

SI
 s-0
CD»  i
te 3 
P*

>>fi

51
«§
*2

b| ol
-fj ^2

£3 !>«

>>£
51
+^.Q
ajS 
te fl Is «

^S

51
jj _Q
<D^^5
£ffi£

"03 
Q

iOOiOOOOOO<N(N OCOt^i-K

COO OTH N 

1C »O CO t^ 00

O5 O5 1> »O O5 ?D »O 

00 00 OC3 «£5 CO CO t^

N CO O «D O O5 Th O5 O5 i> O5 CO

O5«O OO O5  *

. _

CO?D M CD "3

o o i-H e<i  «*'

O OO 00 CO I-H CS OO

W CD CD OO CD OO CD 

iO  *' <N <N O <N CO

o  * <* <* co  <* oo

CO  *

CO Th OOOO TH O 

O O i-i TH <N TH

10 co CD co co c-i rh TH -r-i c<i eo  «*  «*  <*'

w* O co
O CO CD to

OOTh O Tf» CO-rH

1C lO TH N CO N IO

O CO CO Th Th  * O -r-i 04 CO CO CD OO' U3



APPENDIX 85

O Oi i-! CO  *' <N 1C OJ 1C CO rt< CO CO !> ' OO i-i i

OOOOO'-l'-l'-i'-HINfMCOCO'-HCOINi-l (N (N (N (N (N ---------- --     --   -- --

i-! <N <N CO iC CO' <N Th  * ic CO CD CO  *'

<N OJ r-i CO -H OJ **' CO 1C CO' 00 C> O O i-H 
(Ni-i(M(N(N(N(N(N(NC<KNCOCOCOCO

 * 1C COO 00

ooocoooo

COININ (N <N

CO OJ (N CO (N O rt? CO CD CO CC OJ O i-i i-J O O5 
(Ni-H(N(N(NcO(N(N(N(N(N(NCOCOCOCO(N

(N O (N (N "*' 1C CO CO  * 1C CO 1C 1C CC5  * 1C -t

CO Oi (N CO 1C 00  * CO 1C CO » ' 00 O O5 i-H 00' ».'

OOi CO 

rh' O CO

00 00 CO  * 00 00 (N

OOOt^COO

I >C i I O O -^ i I O

i rh' TJH rt<  *  *  * iC 
i (N (N (N <N (N (N (N

COCOCO^CDic'iCiCiCCO CO' CO CO CO  *' 1C 1C 1C  *' 1C 1C  <#  <# <N <N CO CO CO  >#'

i-i CO r-5 -4 ~f -*f  *' T)H ^JH CO CO Ci CO CO
(N (N (N (M (N (N (N (N (N (N (N (N (N (N (N (N

"*'  * 1C Th 1C CD » '  *' 1C CD

r-I o od oi o i> oi o' cx5 oi i> o(3 cx3 T-H 1-1  *'  FH o oi o(3
CO CO (N (N CO (N (N (N <N (N (N (N (N CO CO CO CO CO (N (N

CD CD 06 ai » "
<N (N (N (N (N

O(N -^

i>^ aiod
(NOOlNOOi-HOlO

i O CD t^  * 00 I^ O

| CO CD CO O CD CO N

| r>-' CD CD t^ i>^ 06 CD

'  * (N O 00 i-H O >C

! t^ b- CD >C 00 OO 1^- 
, (N (N (N (N (N (N (N

Oii-i 00  * 00 

1C 1C 1C iC'CO

(M(N(N(NCOCO(N<M(N(N

Oi-iCOCDCOl^i-iOOOOCOOOOO5'-iOOOOOCOO

(N(NCOCOCO(NCOCO(NCOCO(N(N(N(N(N(NCO(N

(N(N(N(NCO(N(N(N(N(N(N(N(N

OOOiCt^COOfNi-tCOCOCOINCO 

 *' CD ! > ' OJ 00' 00 t^ t>^ CD T)H CO  *' 1C

IN ro 
cdt>-'

CDiCOli liCOOi IT I i iOOO

OCOCDCO(NO5(Ni-l(Nt^O

(NCOCO(N(N(N(N(N(N(M(N

CO b-' 00' 00 00' t>^ CD CD CD !> '!>.' t>^

QO" ££$ __ _ __ ___ _ _

<N<N COINCOININ N N (N (N NN (N

i(M(NC<KN(M(M(M(N(N(NCO



86 WATER-LOSS INVESTIGATIONS! LAKE MEAD STUDIES

o 
O

CQ

4
§

Basin 

e

uld b

pq

n A ft

b|

»si

?O -^ l> 06 OS «O l> I-H  * «O 06 l> irf.CC irf » ' irf 00 00 !> ' (N O5 ».' O CD CD » ' O »O -^ ̂ '

(N(NC<leO(N(N(N(N(N(N(N(N(M
OOOSOO5O5OSOOO5OOOOOO5OOO5O5r-l 
(N(NCO(N(N(N(N(NCO(N(N(NCOCO(N(NCO

OS OS I-H i-i (N (N r-i OS O O <-H OS OS O i-i (N (N C<i ^ (N C<i CO -H' O (N (N I-H r-i 00 OS r-i

^HO--H'-i(N(N(N'-i(N(M(N(M 
<N<N<N<N<N<N<N<N<N<N<N<N

 ^ CO irf O CO t^ 00 (N CO rH (N CJ 00

COOO(NOCO(N'-HCO'-HrH(NCOU5 

CO (N  *' 00 O irf CO OS CO Oi OS t^ CO

IXN^OOCOiOOCOOINr-itNOO

oi o T-I c5 oi oi o os od od os os 06
(NCOCOCO(N(NCO(N(N(N(N(N(N

CO iO ^ i OSO 1O1> I-H O OOS O

O O --H i O O O O O O OS Oi O
COCOCO I CO CO CO CO CO CO (N (N CO

O O i-i (N i-H i-Hl-HCJOSOSOSOSOS
COCOCOCOCOCOCOCO<N<N<N<N<N

Oi(NlOCOCOCOr-lr-llOOOOSOOC<l

oioo'cJooodcJaJodt^o-'t^od
(NCOCO(N(N(N(N(N(N(N(N(N(N

OS (N 1O 00 (N (N O CO 00 i

i-H  * O- i O 1OOSCO O O OOO 1C

I-H O O r -^H TJH (N -H -IH CO r-i I-H (N
(N(N(N i (N <M (N (N (N (N (N (N (N

I O  * (N -t< co t^ rJH CO O

i-H rH (N 11O CO -H -t< CO CO (N N (N
COCOCO i CO CO CO CO CO CO CO CO CO

(M(N(N(N(N(N(N(N(N(N

CO(MCOGOCOiOOCOCOOt^OOr-l

<N co irf 10  *' ^ irf ic -H  *£ co IM' <M'
cococococococococococococo

(N (N CO C<l ^ ^ CO CO <N I-H O O (N 
(N(N(N(N(N(N(N(N(N(N(N(N(N

r-l(NCOTtHCOCOCO"*l COCO(N'-lT-l 
COCOCOCOCOCOCOCOCOCOCOCOCO



APPENDIX 87

"* OS CO 00 CO

<N' co co ^ co

<N(N<N<NCO(NIN<NCOCO?N<N<N<N<N<N<N<N

<N<N<N<NCO<N<NCOCOCOCO<N<N<NIN<N<N<N

>O O O CO i-H CO 00

N o as c<i t-- as i iaiO»ococoi-HOoooococo
-tiio<Nco^TtHco<N^<ri'*(N<>ico<>ii-ico<ri
cocococococococococococococococococo

co  * co co  * co co i- <r <-<

i-H i-5 i-i i-I M C5
cococococococococccococococococococo

o as oo I-H 10 o IM

02 I-H <N co -t< as t^
CO ̂ H <M IM  * "* i-H
co co co co oo co co

cocococococococococococococococococo

419661 O -58 - 7

C<l C2 C<l ^ i I i I ^

^ co 10 co co co' co

as o as <M
<MCO<M CO

i O2 O t^ O O 00

I CO 1>- CO Is- t-- CO 
i <M <M <M IM <M <M

COt^i-HOOCOCOOOCO

lO OO COCO OOO  

cocococococococo

lO CO 1-1 OO

cico  *' 10

lOb- b- O

co co coco

00 00 00 t^ 00 l>

I »O O5 N CO t-- i

i as  * t^ o co oo



88 WATER-LOSS INVESTIGATIONS I LAKE MEAD STUDIES

Average wind speed (knots) at indicated heigh
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